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Plastic scintillators provide homeland security organisations with large area, low cost
gamma-ray counters at international borders. Currently these detectors cannot distin-
guish between the sources they detect, leading to high false alarm rates during primary
screening. These alarms must be followed up by time consuming secondary screening
techniques using spectroscopic detectors.
Here we review current PVT scintillators and present a range of techniques that opti-
mise their characteristics. By combining these optimisations with Symetrica’s spectral
deconvolution and isotope identiﬁcation software, PVT detectors were given isotope
identiﬁcation ability. Far from being simple gamma-ray counters, these detectors were
used to successfully identify a range of complex isotopes, such as Eu-152, Ra-226 and
Th-232. The resulting clarity produced by these detectors was impressive, with a mea-
suredfullwidthathalfmaximumof 5%at662keVinadeconvovledCs-137spectrum.
Detector designs are also presented here which allow PVT detectors to identify a full
range of isotopes during primary screening, potentially eradicating the need for follow
up examinations.
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xviChapter 1
Introduction and Overview
1.1 Introduction
On the 11th of September 2001 the United States of America was targeted for series of
terrorist attacks. In these attacks four passenger jet airliners were hijacked; two were
crashed into the world trade centre, one crashed into the pentagon and the last crashed
in a ﬁeld after passengers and crew attempted to re-take the plane. In response to these
attacks NATO issued a statement declaring that the attacks were considered an attack
on all of the NATO nations [NATO, 2001] and the United States of America launched
a “war on terrorism” for the “elimination of terrorism as a threat to our way of life”
[National Commission on Terrorist Attacks Upon the United States, 2004]. This series
of events led to the United States of America, along with other countries, reinforcing
their counter terrorism legislation and introducing new anti-terrorism technologies.
The Department of Homeland Security (DHS) was created by the United States of
America to unify their efforts towards counter terrorism. The Department of Home-
land Security proposed the creation of the four following divisions[Bush, 2002]:
 Border and Transportation Security;
 Emergency Preparedness and Response;
 Chemical, Biological, Radiological and Nuclear Countermeasures;
 Information Analysis and Infrastructure Protection.
Emphasis was placed on the use of advanced science and technology available to the
United States as a key advantage in the war against terrorism. One such area of tech-
1-1nology concerned the possibility of a radiological threat, such as a nuclear bomb or
radiological dispersion device being used in a future terrorist attack. The Domestic
Nuclear Detection Ofﬁce (DNDO) was formed as part of the Department of Home-
land Security to speciﬁcally combat nuclear smuggling in the hope of preventing such
an attack. DNDO would work closely with the US Customs and Borders Protection
(CBP) with the aim of securing ports of entry all around the United States, whilst fa-
cilitating legitimate trade and travel.
The technology employed for this task was large-scale radiation detection devices
in the form of radiation portal monitors (RPMs). By October of 2002, customs and
borders protection had deployed the ﬁrst radiation portal monitor at the Ambassador
Bridge in Detroit. Today, customs and borders protection has 1,120 radiation portal
monitors operational at seaports, land border ports of entry and mail facilities. Ad-
ditionally, customs and borders protection has deployed over 1,200 Radiation Isotope
Identiﬁer Devices (RIID) and over 16,400 Personal Radiation Detectors (PRD). These
devices allowed customs and borders protection to inspect 100 percent of all identiﬁed
high-risk cargo [Winkowski, 2008].
Large scale radiation portal monitors that are in place today consist of large volumes
of plastic scintillator inside a portal structure. The plastic scintillator is designed to
detect gamma-rays emitted from any passing radioactive sources, sounding an alarm
if the radiation measured is signiﬁcantly above background levels. However, prob-
lems have since arisen in the use of such portal monitors as innocent materials such
as bananas, cat litter, and various aggregates emit enough naturally occuring radiation
to set off the alarms. Given the volume of trafﬁc through customs and borders, the
portal operators are dealing with a large number of these innocent alarms each day
which must all be investigated. These follow up investigations involve using a hand
held gamma-ray spectrometer to identify the source of the radiation and therefore de-
termine if it is innocent or threatening. This procedure causes a large delay in the
trafﬁc and has ultimately led to operators reducing the sensitivity of the radiation por-
tal monitors in order to increase trafﬁc ﬂow. Such action however negates the initial
reason for having portal monitors in the ﬁrst place as they are no longer effective in
1-2detecting radiation from any source.
Radiation portal monitors in the form of personnel portals are also used to detect
illicit materials, speciﬁcally those carried by pedestrians. The threat of a nuclear at-
tack at establishments or events with a large gathering of people such as airports or
the Olympic Games is signiﬁcant, leading to the employment of personnel portals for
radiation detection. Personnel portals, like vehicle portals, currently have no inherent
identiﬁcation abilities and are therefore also susceptible to false alarms. The major-
ity of false alarms in personnel portals are triggered by hospital patients who have
recently undergone radioiodine therapy. Whilst the extent of this problem is much
lower than that of vehicle portals, a plastic scintillator based portal which can dis-
tinguish between isotopes at little extra cost than a standard portal would be largely
beneﬁcial to the security of events like the Olympic Games.
The study of plastic scintillation detectors used in radiation portal monitors of any va-
riety therefore forms the basis of this thesis, with the intention of designing a system
based on plastic scintillators capable of differentiating between radioactive sources.
The beneﬁts of such a system include high sensitivity and durability whilst retaining
a moderately low cost.
1.2 Overview
Chapter 2 reviews the current radiation portal monitor technology being used, as well
as some of the possible solutions to the false alarm rate problem being considered by
various organisations. Common sources of radiation are categorised by their use into
medical, industrial and nuclear applications as well as naturally occurring radioac-
tive materials. The incident gamma-ray energy range of interest is deﬁned by these
sources as being from 30keV - 3.0MeV. The current use of plastic scintillators for
gamma-ray detection in this energy range is studied with examples of its implementa-
tion in security portals. Other detector materials are also investigated including those
with spectroscopic capabilities such as thallium doped sodium iodide scintillators and
high purity germanium crystals with a discussion on their advantages and disadvan-
1-3tages in comparison to plastic scintillators.
In Chapter 3 the key attributes of plastic scintillators are highlighted, with discus-
sion of their intrinsic resolution and calibration techniques. Current portal designs are
established as being a poor implementation of existing technology based on unrelated
ﬁelds of study. Improvements to current plastic scintillator detector designs are de-
ﬁned with techniques on how to improve optical quality through the use of reﬂective
materials, light guides, optical bonding and geometric considerations. The GEANT4
simulation tool-kit is also introduced as a means to explore new detector designs and
quantify their beneﬁts.
In Chapter 4 a new, small area plastic scintillator detector design is presented incor-
porating all the optical considerations presented in the previous Chapter. The result is
a high performance plastic scintillator detector system capable of displaying excellent
energy loss spectral quality. The performance of the detector system is quantiﬁed,
including its optical characteristics, equivalent resolution and a comparison with the
performance simulated using the GEANT4 tool-kit. Following the successful design
of a small plastic detector, two new large area detector designs are also established.
These two designs are presented along with their intrinsic characteristics, hardware
proﬁle and the software development required for their function. The resulting per-
formance of each new design is compared with that of the smaller prototype design
to ensure no signiﬁcant degradation of spectral quality due to increasing the detection
area.
Chapter 5 discusses the application of advanced spectrum processing techniques and
identiﬁes spectral deconvolution as an excellent candidate for processing the raw en-
ergylossspectrum. Isotopeclassiﬁcationandidentiﬁcationarediscussedandsoftware
settings which must be used to process spectra from plastic scintillators are deﬁned.
New models used for processing spectra from plastic scintillators are established and
an isotope identiﬁcation library for use with plastic scintillators is established for the
ﬁrst time.
1-4In Chapter 6 the isotope identiﬁcation technology and spectral deconvolution tech-
niques are applied to each of the new detectors designs established in Chapter 4. The
results show the ability of these advanced plastic scintillator based detectors to not
only detect but also identify a range of radioactive isotopes. A number of radioactive
isotopes were tested and presented along with their raw and deconvolved spectra for
comparison. A study is also completed which established that the identiﬁcation suc-
cess rate is heavily dependent on the number of counts present in each spectrum. With
respect to this, a ﬁgure for the minimum number of counts per spectrum is published
as 10,000 minimum counts to correctly identify isotopes with simple gamma-ray spec-
tra such as Na-22, whilst those with more complex spectra, containing several distinct
energies such as Eu-152, required a minimum of 22,000 counts per spectrum to iden-
tify with 100% success.
Chapter 7 investigates some the requirements for using the detector designs estab-
lished in Chapter 4 inside a radiation portal monitor. Anomalies are addressed such as
non-linearity in photomultiplier tubes and background scattering which can severely
degrade the measured energy loss spectra. The impact of environmental factors such
as temperature, shielding and background measurement is quantiﬁed. Automatic cal-
ibration techniques, positional sensitivity and multi channel analyser properties are
also discussed, culminating in an extensive list of qualities which the components of
the detector system must exhibit for effective use. The viability of neutron detection
using only plastic scintillator was investigated, with speciﬁc emphasis placed on dis-
tinguishing neutrons from gamma-rays in the energy loss spectrum.
In Chapter 8 possible future PVT designs are outlined and evaluated for personnel
portals and vehicles portals. The designs are based on the ANSI standards for the
detection and identiﬁcation of radioactive sources. The minimum volume of the de-
tector system is established based upon the requirements of the ANSI standards for
the identiﬁcation of various isotopes with respect to the minimum number of counts
required to identify such isotopes using the detector designs outlined in Chapter 4.
Recent developments in photomultiplier tube technology are incorporated into the de-
signs allowing for greater coverage area without spectral degradation. The results of
1-5each system are presented along with limitations of use and comparisons with the pre-
vious PVT detector designs for veriﬁcation of the spectral quality.
Chapter 9 summarises the work presented in the previous Chapters on plastic scintil-
lators. The ﬁnal conﬁgurations for an optimal design are outlined with the advantages
and disadvantages that the system presents. Recommendations for possible future
work are also outlined including the desire to fully test the work conducted in an in-
dustrial environment with proper ﬁeld trials of the technology.
1-6Chapter 2
Security Portals
2.1 Introduction
In Chapter 1, the problem of screening for radioactive materials using current radia-
tion portal monitors was established. The following sections investigate this problem,
deﬁning the aims of radiation portal monitors and why the technology currently in
use fails to achieve that aim. The problem is deﬁned in two stages. Firstly the por-
tal monitors can not initially distinguish between innocent and threatening sources of
radiation leading to an alarm, and secondly once an alarm is triggered, resolving the
source of the radiation requires time consuming identiﬁcation techniques. A solution
is therefore proposed that the portal monitor’s ability to initially distinguish a radiation
source should be improved. To achieve this aim, plastic scintillators are investigated
with their interaction methods and compared to those of materials which are used
in secondary screening techniques that can distinguish between radiation sources. A
brief look at how other organisations propose to tackle this problem are given, and ﬁ-
nally the intention to improve plastic scintillators as a possible solution is established.
2.2 Radiation Portal Monitors
2.2.1 The Aim of Radiation Portal Monitors
The threat of a nuclear based attack takes two main forms: a nuclear/atomic bomb,
and a radiological dispersion device. A nuclear bomb is constructed using either plu-
2-1tonium or highly enriched uranium (HEU) as its fuel, both of which are radioactive,
releasing gamma-ray and neutron radiation. A nuclear weapon of this kind is most
likely to be of a relatively crude, ﬁssion based design, but such a device is still capa-
ble of destroying an entire city. A radiological dispersion device is a device designed
to disperse radioactive material over a designated target in order to cause harm. An
example of this is a “dirty bomb” where a radioactive isotope is combined with a com-
mon explosive and detonated to spread the isotope over the desired area. Other devices
could distribute radioactive material passively (non-explosively), such as spraying or
spreading by hand. Alternately, a radiological exposure device could be used, which
would simply involve placing a radioactive source in a public area to expose pedestri-
ans passing by [Argonne National Laboratory, 2005].
Radiation portal monitors were designed to detect nuclear materials by measuring
the incoming ﬂux of gamma-rays or neutrons emitted by the radioactive material. The
material inside radiation portal monitors responsible for the detection of gamma-rays
is currently a polyvinyl toluene (PVT) based scintillator. PVT scintillator releases op-
tical light upon interaction with gamma-rays which is then converted to an electrical
signal by use of an attached photomultiplier tube. PVT based scintillators are popular
for gamma-ray detection because of their relatively low cost, high versatility and ex-
cellent detection efﬁciency given the large areas they can be moulded into.
Gamma ray detectors of this type ﬁrst arose in security applications with the use of
PVT detector portals placed at a steel works [Lubenau and Yusko, 1995]. Orphaned
radioactive sources used in the medical industry had been inadequately disposed of
and became mixed with scrap metal which was then melted down into steel. After
discovering the steel was radioactive it became worthless and the furnaces had to shut
down whilst all radioactive traces were removed. The steel works suffered signiﬁcant
ﬁnancial and productivity loss. Many similar incidents arose [Lubenau and Yusko,
1998] leading to the employment of relatively cheap plastic scintillator portals to de-
tect any potential radioactive contaminants. The employment of PVT based portals at
the steel works was a success.
2-2Following the popularity and success of PVT based portals, the United States cus-
toms and borders protection placed PVT radiation portal monitors either side of trafﬁc
lanes for vehicles to drive between. The aim of these radiation portal monitors was
to detect the presence of any radioactive materials present in the vehicle’s cargo as it
passed through. If an alarm sounded then the cargo would be ﬂagged and the vehicle
taken aside for investigation. The initial screening process of the radiation portal mon-
itors was termed primary screening, whilst any more detailed follow up examinations
were known as secondary screening.
2.2.2 How Radiation Portal Monitors Failed
Problems soon arose with these systems as they were initially designed to check for
the presence of radioactive materials in an environment where none were expected.
The primary screening technique could not distinguish between radiation produced
by different sources and therefore gave an alarm when naturally occurring radioactive
materials (NORM) such as bananas, cat litter, fertiliser or certain aggregates passed
through a portal [Lipton]. Innocent alarms such as these, where no threatening mate-
rial was present but the alarm was still triggered were termed “false alarms”. The term
“false alarm” is often used to cover two scenarios, one where an alarm sounded where
there was no radioactive material, and one where benign material was present and
sounded the alarm. Either scenario hinders the ﬂow of trafﬁc through borders unnec-
essarily. As a speciﬁc example, the Port of Los Angeles, adjudicated nearly 115,000
radiological alarms in 2007, which translates into between 400 and 600 alarms on a
typical weekday [Winkowski, 2008]. Customs and borders protection ofﬁcials report
that on average plastic scintillators generate up to about 600 innocent alarms per day
[Government Accountability Ofﬁce, 2009], conﬁrming that the majority of alarms are
innocent in nature. The International Atomic Energy Association’s (IAEA) illicit traf-
ﬁcking database (ITDB) 2007 also provides interesting ﬁgures from 1993 to 2007,
reporting that:
“As of 31 December 2007, the ITDB contained 1340 conﬁrmed incidents
reported by the participating States and a few non-participating States. Of
the 1340 conﬁrmed incidents, 303 incidents involved unauthorized pos-
session and related criminal activity, 390 incidents involved theft or loss
2-3of nuclear or other radioactive materials, and 570 incidents involved other
unauthorized activities. For the remaining 77 incidents, the reported in-
formation was not sufﬁcient to determine the category of incident.”
[International Atomic Energy Agency, 2007].
These conﬁrmed incidents originate from 100 countries around the world as de-
ﬁned in the ITDB 2007. Over 14 years 1340 conﬁrmed incidents were reported, giving
an average of around 95 threatening sources per year. This equates to far below one
per day in any one country.
Each time a false alarm sounded, the vehicle and its cargo would be taken aside and
investigated using secondary screening techniques. Such techniques involved the use
of a small, hand-held detector which incorporated a spectroscopic quality scintillation
crystal such as NaI(Tl). Gamma-ray spectroscopy with this hand-held detector subse-
quently conﬁrmed the origin of the alarm. The secondary screening was effective but
took a long time and overall costs were increased due to requiring two screenings for
any alarm. Given that such a large proportion of alarms every day were false, the por-
tal monitor operators reduced the sensitivity of the detectors to avoid the requirement
for the secondary screening.
2.2.3 A Potential Solution
Following the high rate of false alarms, the decision was made to further investigate
current radiation portal monitor technology to establish if the PVT scintillator mate-
rial contained in them is capable of distinguishing between different radiation sources.
Given that secondary screenings with spectroscopic materials such as NaI(Tl) have
proven successful, the properties of similar materials are also investigated for compar-
ison with PVT. If PVT can perform spectroscopy in a similar way that NaI(Tl) crys-
tals can, then a form of spectrometry could be incorporated into the primary screening
stage to distinguish radioactive materials. This would reduce the number of false
alarms and thus the requirement for secondary screening techniques.
2-42.3 Detector Materials
2.3.1 Radiation Interaction
The method of how gamma-rays interact with PVT and spectroscopic materials must
ﬁrst be reviewed to understand how current secondary screening techniques can iden-
tify radioactive sources and primary techniques cannot. Gamma-rays interact with
matter in 3 main ways: Photo-electric absorption; Compton scattering and Electron-
Positron pair production. Each of these interaction processes takes dominance with re-
spect to gamma-ray energy and the atomic number of the interaction material. The en-
ergy range useful for detecting gamma-rays from radioactive isotopes is up to around
3MeV. For energies less than 1.022MeV, the photo-electric effect and Compton scat-
tering are both possible, whereas above 1.022MeV pair production is also possible
[Knoll, 2000]. For plastic scintillator, the majority of the interaction is via Compton
scattering, with only low-energy photons interacting via photoelectric absorption and
a very small chance of pair production at high energies.
2.3.1.1 Photoelectric Absorption
In photo-electric absorption an incident gamma-ray is absorbed by an electron in the
interaction material. The electron is then ejected with an energy equivalent to the
incident gamma-ray minus the binding energy of the electron. The full energy of the
incident gamma-ray is transferred to the scintillation medium via the interaction of
the resultant electron with the scintillator. The probability of photo-electric absorption
occurring is approximated using equation (2.1):
Pp:e: /
Zn
E3:5 (2.1)
Where E is the gamma-ray energy, Z is the atomic number of the material and the
exponent n ranges between 4 and 5.
2.3.1.2 Compton Scattering
In Compton scattering an incident gamma-ray of energy h is scattered off an electron
in the interaction material, transferring energy h0 in relation to the scattering angle 
2-5to the resultant recoiled electron. This process is shown in equation (2.2).
h
0 =
h
1 + h
mec2(1   cos)
(2.2)
The full energy of the incident gamma-ray is therefore not deposited in the interaction
material, with the scattered gamma-ray often able to escape from the material after
interaction. The maximum energy deposited to the scintillation material is where  =
180, corresponding to a Compton edge in an energy loss spectrum. The angular dis-
tribution of scattered gamma-rays is predicted by the Klein-Nishina formula equation
(2.3) and demonstrates a strong tendency for forward scattering at high energy values
[Knoll, 1989].
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Figure 2.1shows a typical illustration of the angular distribution of scattered gamma-
rays at various energies [Scraggs, 2009]. The energies shown are emitted by a range
of isotopes such as Am-241, Na-22 and K-40, with the exception of 2.75eV which
is in the blue region of the visual light spectrum and 10MeV which is in the energy
region of gamma-ray bursts.
2-6Figure 2.1: A typical angular distribution diagram of scattered gamma-rays predicted
by the Klein-Nishina formula. The gamma-ray energies shown are emitted by a range
of isotopes such as Am-241, Na-22 and K-40.
2.3.1.3 Pair Production
Electron-Positron pair production occurs at high incident gamma-ray energies. An
electron and positron are produced when the incident gamma-ray has more than twice
the combined rest mass of the particles, and interacts with a material’s atomic nucleus.
This never becomes a signiﬁcant process for interaction with plastic scintillator over
the energy range of interest due to the material’s low atomic number.
2.3.2 Plastic Scintillators
Plastic scintillators consist of a base plastic such as polyvinyl-toluene (PVT) mixed
with a number of ﬂuors. The base plastic is responsible for the primary interaction
2-7with gamma-rays, releasing a charged particle in the form of an electron. The high
energy electron excites other electrons in the scintillator as it passes, causing them
to radiate energy as they de-excite, a small percentage of which is in the form of
optical photons. However, with the addition of a primary ﬂuor, the dominant mecha-
nism for the transfer of energy in PVT is not via radiation transfer, but via the Forster
effect. In this mechanism, where a sufﬁcient concentration of ﬂuor is present, the dis-
tance between the PVT molecules and the ﬂuor is around 100 Angstroms. A resonant
dipole-dipole interaction occurs between the strongly coupled base PVT and ﬂuor,
sharply increasing the speed and the light yield of the plastic [Amsler et al, 2008]. A
secondary ﬂuor absorbs emitted light from the primary ﬂuor and radiates at a longer,
stokes-shifted wavelength, which is more suitable for less-attenuated propagation of
the light through the PVT base. Figure 2.2 shows the mechanism of the PVT scintil-
lation process. Various types of plastic scintillator are commercially available, each
Figure 2.2: Mechanism of the PVT Scintillation Process. Figure from [Amsler et al,
2008].
incorporating unique properties such as fast timing, high tolerance to temperature and
some that are loaded with materials such as lead for greater radiation stopping power.
Each type of material is designed for a speciﬁc use. A general plastic scintillator with
good all round properties is PVT based, usually quoted as similar in properties to nu-
clear enterprises (NE) Pilot F. The typical properties of such a scintillator are shown
in table 2.1. PVT scintillators have a relatively low light output of just 10,000 pho-
tons per MeV of energy deposited. However, the wavelength of maximum emission
2-8Table 2.1: Properties of a typical PVT Scintillator.
Scintillation Efﬁciency 10,000 Photons/MeV
Wavelength of Max. Emission 425nm
Rise Time 0.9ns
Decay Time 2.1ns
Density 1.023g/cc
Refractive Index 1.58
Bulk Light Attenuation Length 3.8m
ensures good compatibility with the optimal quantum efﬁciency of blue-sensitive pho-
tomultiplier tubes and the long light attenuation length means large volumes can be
produced without signiﬁcant light loss due to optical attenuation. The fast rise and
decay times are also excellent for high count rates and timing applications. Due to the
low atomic number of plastic scintillators, the majority of gamma-ray interaction oc-
curs via Compton scattering, making them good candidates for gamma-ray detection,
but having little or no spectroscopic quality. The combination of low light yield, low
atomic density and low physical density are the major drawbacks of PVT scintillators.
2.3.3 Semiconductors
Semiconductorsinteractwithgamma-raysviathephotoelectriceffect; theejectedhigh
energy electron directly exciting further electrons from the valence band of the semi-
conductor into the conduction band and leaving holes in the valence band. These
electrons and holes travel to applied electrodes where they are collected, the number
of electrons and holes collected correspond to the amount of energy deposited in the
semiconductor. Typical examples include high purity germanium (HPGe) and cad-
mium zinc telluride (CZT) detectors. Semiconductor based detectors in the form of
HPGe offer the ﬁnest resolution available today at around 0.3% at 662keV. However,
such instruments are expensive, costing many times more than that of an equivalent
sized scintillation crystal. HPGe must also be cooled, usually with liquid nitrogen,
as the thermal excitation at higher temperatures is enough for the valence band elec-
tronstocrossthebandgapintotheconductionband, renderingthedetectorineffective.
2-9Semiconductors of this type are only available in limited sizes; CZT detectors come in
a pixelated array of small detectors, whilst improvements in HPGe production means
that they are now available in sizes similar to that of small crystal scintillators.
2.3.4 Crystal Scintillators
Crystal scintillators are commercially available in many forms, the most common
of which are thallium doped sodium iodide NaI(Tl), thallium doped caesium iodide
CsI(Tl), bismuth germanate BGO and the more recent cerium doped lanthanum bro-
mide LaBr3(Ce). Crystal scintillators are often doped with activators such as thallium
in the case of NaI(Tl) which enable a greater emission of scintillation light at an ad-
justed wavelength. In contrast to PVT, crystal scintillators are higher in atomic num-
ber and therefore photoelectric absorption is a major radiation interaction process over
the energy range of interest. This, and their higher density make crystal scintillators
excellent candidates for gamma-ray spectroscopy. Gamma-ray spectrometers using
scintillation crystals such as NaI(Tl) are usually referred to as medium resolution, in
comparison to the ﬁne resolution available using semi-conductor based spectrome-
ters. Table 2.2 shows the properties of some of the more commonly available crystal
scintillators. Each crystal has unique properties that make it suitable for certain appli-
cations. Alkali halides such as NaI(Tl) and CsI(Tl) are popular for their good overall
resolution. Whereas crystals such as bismuth germinate (BGO) have a lower light
yield but a greater density and therefore greater chance of interacting with higher en-
ergy gamma-rays. The cost of these materials is a prime factor when considering the
construction of gamma-ray detectors, the most popular of these crystals is NaI(Tl); it
has good resolution at room temperature and a relatively low cost in comparison to
other crystals. Cerium doped lanthanum bromide detectors give further improvements
in resolution, but as this technology is relatively new they are currently only available
in smaller sizes and cost signiﬁcantly more than thallium doped sodium iodide.
2-10Table 2.2: Properties of Various Crystal Scintillators
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NaI(Tl) 3.67 415 1.85 230 38000 6.00 Yes
CsI(Tl) 4.51 540 1.8 1000 52000 8.00 Slightly
BGO 7.13 505 2.15 300 8200 10.00 No
LaBr 5.29 380 1.9 25 63000 2.80 Yes
PVT 1.02 423 1.58 2.4 10000 N/A No
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2.4 Portal Monitor Solutions Under Investigation
After overviewing the materials available and the methodologies involved in gamma-
ray detection, the following is a summary of possible detection technologies that could
help improve the situation at customs and borders. Some of these technologies are be-
ing studied extensively by other organisations. The current view in discriminating
between NORM and threatening materials is to improve PVT scintillators (both phys-
ically or with software enhancement) to give them better discrimination abilities, or
to use a different material with higher energy resolution to identify each material as it
passes, thereby eliminating the need for secondary screening.
2.4.1 HPGe Portals
Highpuritygermaniumdetectorsprovidethebestspectroscopicinformationavailable,
and therefore qualify as a key choice in radiation portal monitors with primary identiﬁ-
cation ability. Recent advances in mechanical cooling mean that HPGe based detector
gain a degree of portability and reduce the costs associated with running them. The
2-11main disadvantages of HPGe are the low detection efﬁciency given their small area
and the high price of the detector and cooling required. Its advantages are its high
resolution and primary interaction method. The cooling required also prevents against
temperature based gain drifts often found with NaI(Tl) based systems. In 2004 Ely
et al [Ely et al., 2004] complete a report comparing the beneﬁts of HPGe detectors
against that of a NaI(Tl) and PVT based equivalent. They state the price of an HPGe
detector as $75,000 and further calculate that in order to match the same sensitivity
as PVT portals can provide, the number of HPGe crystals required would be around
180. This would be a cost of around $13.5 million for each portal, and further running
costs to cool the detector makes HPGe primary screening an extremely expensive and
therefore unattractive option for primary screening.
2.4.2 Advanced Spectroscopic Portals
Advanced spectroscopic portals (ASP) using NaI(Tl) crystal arrays are under investi-
gation as a primary screening method. In 2005 Siciliano et al [Siciliano et al., 2005]
completed an overview comparing the beneﬁts of using NaI(Tl) scintillators with re-
spect to PVT scintillators in vehicle portal monitors. The PVT scintillator used was
a 3.8cm36cm173cm (23.7 litres) panel with a single 2.5cm photomultiplier tube
attached to one end, whereas the NaI(Tl) detector was a single 10cm10cm41cm
(4"4"16") detector encased in a 0.05 cm thick steel shell. The authors investi-
gate issues such as NORM discrimination, cost and durability of both systems. They
found that when concerning NORM discrimination, limited results can be obtained
using PVT by incorporating broad energy windowing (discussed further in Chapter
5) to discriminate between various isotopes. NaI(Tl) provided much better discrim-
ination by directly identifying isotopes using its superior energy resolution and the
presence of photo-peaks in the energy loss spectra. The authors found that NaI(Tl)
crystals are prone to damage or drifts in gain due to temperature changes, whereas
PVT scintillators are more durable in general. The estimated price for a NaI(Tl) based
advanced spectroscopic portal in 2008, was around $822,000 for full deployment,
whereas the PVT based radiation portal monitors were around $308,000 [Government
Accountability Ofﬁce, 2009] so the NaI(Tl) based portals are nearer the costs of PVT
than HPGe, but still signiﬁcantly more expensive. Certain situations would still re-
2-12quire secondary screening however, such as masking of one isotope using another less
threatening one, where the NaI(Tl) may still not have enough resolution to resolve
conﬂicting energy peaks. Figure 2.3 shows a typical NaI(Tl) scintillator portal conﬁg-
uration with many NaI(Tl) detectors enclosed in each panel of the portal. Figure 2.4
shows a typical NaI(Tl) energy loss spectrum, in this case a spectrum of the isotope
Radium-226.
Figure 2.3: A typical NaI(Tl) based portal conﬁguration showing 4x NaI(Tl) detectors
in each of the portal’s panels [Paciﬁc Northwest National Laboratory, 2009].
Figure 2.4: A Radium-226 spectrum taken using a NaI(Tl) based detector [MENG
et al., 2002].
2-132.5 Current PVT Detector Designs
Current PVT detector designs give little thought to the quality of the resulting spectra
they produce, typically consisting of large slabs of plastic with a one or two photo-
multiplier tubes attached to collect the scintillation light. These designs are intended
purely for maximising the detector efﬁciency by increasing the volume of PVT; a typi-
cal 200cm50cm50cm design, for example, contains 500 litres of PVT. More recent
designs are slightly more conservative, consisting of similar dimensions in height and
width but being much thinner at around 4cm to 10cm. Examining the energy loss
spectra produced by such a design may never have been an option given that plas-
tic scintillators have always been considered a non spectroscopic quality product. If
any sort of radioactive source discrimination is to be achieved however, the output of
such devices should be closely examined. Figure 2.5 shows a variety of spectra taken
by Siciliano 2005 [Siciliano et al., 2005] using a typical PVT detector of dimensions
173cm36cm3.8cm (23.5 litre). The detector used to produce Figure 2.5 had 1x
Figure 2.5: A variety of spectra taken with a PVT detector of dimensions
173cm36cm3.8cm
photomultiplier tube attached to the bottom to collect the scintillation light produced.
The spectra are presented on a logarithmic scale and clearly show little discerning fea-
tures for each of the spectra. The Compton edges that should be present are heavily
broadened to the point that they cannot be recognised. The only useful information
2-14that these type of spectra can provide are the shape of the spectra themselves and
therefore a rough number of counts at high or low energies. The spectra of Am-241
and Co-57 are the same shape as the background spectrum, only at a higher num-
ber of counts. Ba-133, Cs-137 and Co-60 show slight humps where Compton edges
should appear, but they are much too broad to be associated speciﬁcally with those
isotopes. Other isotopes with spectral lines in a similar energy range could easily
be misidentiﬁed as a range of other isotopes. Figure 2.5 represents a relatively aver-
age set of spectra taken with PVT, though many such detectors have a much greater
thickness with the same light collection area, further degrading any signal produced.
These spectra do not contain enough information to accurately distinguish between
the sources they are measuring, it is therefore clear that the quality of information
contained within them must be improved.
2.5.1 Targets For Change
As previously established, PVT based scintillators’ dominant radiation interaction
method for the energy range of interest is Compton scattering. Therefore the only
uniquely identifying aspects of the energy loss spectra are the Compton edges pro-
duced. In order to reduce false alarm rates, the detector must be able to distinguish
one radiation source from another. Spectroscopic detectors such as those based on
NaI(Tl) already have this ability. Crystal scintillator spectrometers such as NaI(Tl)
are often optimally designed to give maximum performance and therefore increase
the detector resolution to its fullest potential in order to maximise the chances of iden-
tifying an isotope. Although NaI(Tl) based detectors rely on photo-peaks to identify
spectra, the attention given to the detector design is far superior to that given to the
PVT detectors present in current radiation portals. The optimisation principles applied
to NaI(Tl) detectors could be applied to PVT to increase the quality of their energy
loss spectra. Larger photomultiplier tubes and better proportionality between the light
collection area and the detector dimensions are apparent in NaI(Tl) detectors as ba-
sic examples. Applying these qualities to PVT detectors could subsequently improve
the chances of a system being able to discriminate one source from another. A PVT
detector with improved resolution might also be properly calibrated. Finally, to save
on the costs of introducing a whole new portal system, a reﬁned PVT scintillator in-
2-15corporating NaI(Tl) design principles could be retro-ﬁtted to existing radiation portal
monitors.
2.6 Conclusions
In a rush to implement counter terrorist technology after a series of terrorist attacks,
the United States of America department of homeland security used PVT based radi-
ation portal monitors to screen for potential radiological threats at its borders. Current
PVT based radiation portal monitors detect threatening sources well but give rise to
highfalsealarmratesduringprimaryscreeningprocesseswhichthenrequireextensive
secondary screening to determine its cause. The high number of false alarms hinders
commerce and wastes time and money. A range of possible solutions were reviewed
including changing to spectroscopic detector materials for the primary screening pro-
cess as well as improving upon the existing PVT systems to reduce the number of
false alarms. High resolution systems such as HPGe offer the most desirable reso-
lution but the high price and low sensitivity make this an extremely expensive and
therefore non-viable option. Advanced spectroscopic portals in the form of NaI(Tl)
scintillator detectors form one of the best alternatives with improved resolution, but
at a cost of over double that of PVT. It is clear that not enough was done to ensure
that PVT detectors were fully optimised for the task they were assigned to before such
technology was commissioned. In the next chapter, PVT scintillators are studied in
more detail with the aim of enhancing them to a point where analytical technologies
can take full advantage of its improved characteristics. These improvements ensure
the retention of good sensitivity and low cost that makes PVT based systems such an
attractive option for radiation portal monitors.
2-16Chapter 3
Enhancing Plastic Scintillators
3.1 Introduction
In the previous chapter a potential threat to the US and other NATO countries’ na-
tional security by nuclear attack was outlined, as well as the preliminary measures
taken by the United States department of homeland security to help prevent such an
attack. Screening cargo and personnel for radiological threats was one such measure,
but the screening technology was found to be ﬂawed. It was concluded that the rush
to implement whatever existing detector technology was available at that time was the
main cause of this problem, leading to the present research into other technologies. A
number of possibilities were discussed to improve upon the radiation portal monitor
technology, with the decision to further investigate enhancing current PVT monitors
for optimal performance during primary screening. Such optimised detectors could re-
duce the need for using secondary screening techniques to help discriminate threaten-
ing sources from benign sources. This detector optimisation will incorporate, amongst
other attributes, the application of techniques used currently for NaI(Tl) detectors to
improve the design and therefore performance of PVT based detectors.
3.2 Detector Optimisation
The quality of a detector system as a whole is limited by four factors: design require-
ment; price; available technology and build quality. Cheaper materials and poorer
quality instruments can be used to lower the cost of the system, but doing so will
3-1result in poorer performance. Conversely the latest technology could be used to get
the best quality results but the overall design of the system in terms of its size and
functionality would have to be reduced to compensate for the increase in price. For a
successful system the design requirements must be met 100% with the best available
technology available for a given price. The key factors affecting the design require-
ment of a radiation portal monitor are the sensitivity of the detector and the reliability
of the system. The detector must be sensitive enough to cover the object being tested
and give an acceptable margin of error in its measurements. Other design factors such
as portability and ruggedisation vary depending on the detector application. The avail-
abletechnologyisdependentonavailablematerialsforagivencostandtheapplication
of rigorous design principles and computational software to produce the best possible
results. The following sections concentrate on using well established technology to
improve detector performance at a reasonable price.
3.3 Scintillator Detector Resolution
The detector resolution of a typical crystal scintillator used in secondary screening
techniques is a direct measurement of how well the detector can resolve incident
gamma-rays at certain energies. A standard measurement is the full width at half max-
imum (FWHM) of a photo-peak in the energy loss spectrum. Increasing the resolution
and thus decreasing the FWHM over the entire range of incident energies increases the
chances of differentiating one isotope from another. The factors which effect the en-
ergy resolution of a typical scintillation crystal can be described using equation (3.1)
[Meng et al., 2002].
RTotal =
q
R2
Statistical + R2
Noise + R2
Intrinsic + R2
V LCE (3.1)
Where RStatistical is the contribution from statistical broadening, RNoise is the con-
tribution from electronic noise in the system, RIntrinsic is the contribution from the
intrinsic variation in the light yield with respect to incident gamma-ray energy and
RV LCE is the contribution from a spatial variation in the light collection efﬁciency of
the detector. In order to optimise the resolution of a scintillator, each of the above fac-
tors must be minimised. RNoise is not usually a dominant factor due to the low noise
3-2of modern photomultiplier tubes used in scintillation detector systems and RIntrinsic
is assumed to be negligible for PVT, as the light output is stated to be relatively linear
with respect to the incident gamma-ray energy [Knoll, 1989]. Although some reports
[Brannen and Olde, 1962] suggest a non-linearity in the light yield of PVT below
125keV, this is discussed in more detail further in this chapter. The two main con-
tributions to the resolution of the detector system are the spatial variation in the light
collection efﬁciency, and the statistical broadening effects in the number of photo-
electrons produced. RStatistical is deﬁned in equation (3.2) as the statistical variation
in the number of photo-electrons NP received by the system per gamma-ray interac-
tion.
RStatistical =
p
NP
NP
(3.2)
The number of photo-electrons NP received is deﬁned in equation (3.3).
NP = Q:E:  L:C:E:  L:Y:  E (3.3)
Where Q:E: is the average quantum efﬁciency of the photomultiplier tube, L:C:E:
is the average light collection efﬁciency of the detector, L:Y: is the light yield of the
scintillator and E is the energy of the incident gamma-ray. It is therefore evident that
in order to improve the detector resolution, the light collection efﬁciency of the detec-
tor must be maximised whilst minimising the spatial variation in the light collection.
This combination will maximise the total number of photoelectrons received by the
system and thereby reduce the statistical error; improving the detector resolution as a
whole.
3.3.1 Light Collection Efﬁciency
The light collection efﬁciency of a detector is measured as the average percentage of
light that reaches the photomultiplier tube(s) for each scintillation pulse created in the
detector. Ideally, on each scintillation event 100% of the resultant optical light would
travel through the detector material to reach the photomultiplier tube. This is not the
case though, as the light produced is subject to factors which signiﬁcantly reduce its
chances of ever reaching the photomultiplier tube. These factors include light loss due
to escape from the surface of the detector, optical attenuation from the scintillation
3-3material and optical attenuation from any reﬂective materials applied to the detector’s
surface. As the light from each scintillation event is emitted isotropically, a proportion
of the light inevitably escapes through the detector’s surface if no reﬂective material
is used to conﬁne it, in this case the detector must rely on total internal reﬂection to
transport the light internally. Light will escape if its angle of incidence is greater than
the total internal reﬂection critical angle, which is around 39o for a plastic scintillator
surrounded by air. Scintillation material has an optical attenuation length (), deﬁned
as the average length of the material that the scintillation light of a given wavelength
can travel through before 50% of it is absorbed. The absorption of light through the
scintillator is exponential as shown in equation (3.4).
I = I0e
 x (3.4)
Where I0 is the initial intensity of light, I is the resultant intensity of light,  is the
attenuation coefﬁcient and x is the path length. The optical attenuation length  is
then deﬁned in equation (3.5).
 =  
ln(0:5)

(3.5)
In NaI(Tl) the optical attenuation length is relatively short at just 0.3m, whereas PVT
has a much better attenuation length of 3.8m. A longer attenuation length enables
larger detector designs without radically reducing the average light collection efﬁ-
ciency due to optical absorption. The attenuation length also signiﬁcantly affects the
variation in the light collection efﬁciency of the detector, as the chance for the light
from each scintillation event being detected is dependent on its average path length.
This increases with initial distance from the photomultiplier tube and the number
of times the light is reﬂected before detection. A short attenuation length results in
greater variation of light received for the same shape detector. The geometry of the
detector therefore has a great effect on the light collection efﬁciency and variation in
the light collection efﬁciency of a given design, smaller sized designs have the best
light collection efﬁciency and lowest variation in the light collection efﬁciency, but at
the cost of lower detection area. The shape of the detector, regardless of its size, also
has an important role to play in determining how much of the light escapes through its
surfaces. Applying reﬂective coatings to detector’s surfaces can dramatically reduce
3-4the amount of light loss by forcing the light to reﬂect internally until it reaches the
photomultiplier tube. Shaping the detector can minimise the number of reﬂections re-
quired, increasing the light collection efﬁciency and reducing the variation in the light
collection efﬁciency.
3.3.2 Photomultiplier Tube Collection Efﬁciency
Equation (3.3) states that the number of photoelectrons received by the detector is a
multiple of factors including the quantum efﬁciency of the photomultiplier tube. This
quantum efﬁciency is the efﬁciency of the photo-cathode and is typically quoted by
manufacturers to have a value of around 25%. However, this value if used by itself
does not give an accurate representation of the collection efﬁciency of the photomulti-
plier as a whole. There are other factors affecting the overall collection efﬁciency. The
ﬁrst is that the emission spectrum of PVT is not a perfect delta function at 425nm, but
a function of wavelength that varies mostly from 400nm to 500nm as shown in Figure
3.1. The quantum efﬁciency of the photo-cathode at these wavelengths is also not
Figure 3.1: Emission spectrum of Eljen 200, a typical plastic scintillator
constant, but varies according to wavelength, as shown in Figure 3.2. Therefore to get
the real photo-cathode collection efﬁciency when collecting light from PVT, the two
spectra must be combined and the average value taken. In this instance a 5" Photo-
nis XP3540 photomultiplier tube has a relatively good quantum efﬁciency of 27% at
3-5Figure 3.2: Photo-cathode quantum efﬁciency of Photonis XP3540 photomultiplier
tube with respect to incident wavelength of light.
425nm. This value when combined however reduces to an average value of 23.5% for
use with PVT.
The next factor is the photo-cathode to ﬁrst dynode collection efﬁciency and the sub-
sequent collection efﬁciencies of further dynodes. This value is difﬁcult to measure
and as of yet no manufacturer has supplied an accurate measurement. Hamamatsu
however states that the efﬁciency of a typical ﬁrst dynode increases with the applied
voltage, and for voltages of over 100V the efﬁciency is over 95%. Typical values used
by Hamamatsu for all the collective dynode efﬁciencies are estimated at around 90%.
Finally, the spatial variation in the photo-cathode quantum efﬁciency for large area
photomultiplier tubes is signiﬁcantly large. Figure 3.3 shows the spatial variation of
the photo-cathode quantum efﬁciency for the Photonis XP3540 photomultiplier tube.
This ﬁgure shows variations for both the parallel and perpendicular axis of the tube
with respect to the ﬁrst dynode alignment. It has been noted on various photomulti-
plier tubes that an alignment parallel to the ﬁrst dynode gives a slightly more uniform
3-6response than other geometrical alignments. This value does not give a variance in the
Figure 3.3: Spatial variation of the photo-cathode quantum efﬁciency for the Photonis
XP3540 photomultiplier tube.
signal due to the even spreading of a high number of incident photons. Instead, the
average value of the quantum-efﬁciency must be taken for the whole area. In this case
the coefﬁcient of variation for the 5" Photonis XP3540 photomultiplier tube is around
20%, with a mean photo-cathode quantum efﬁciency of 0.9x the peak quantum efﬁ-
ciency stated by the manufacturer.
The culmination of these factors gives a resulting photomultiplier tube light conver-
sion efﬁciency of around 18%, a signiﬁcant degradation to the initial 27% photo-
cathode quantum efﬁciency which may have otherwise been used. Therefore choosing
a photomultiplier tube which has a high quantum efﬁciency and a uniform response is
of vital importance.
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PVT designs have the beneﬁt of an optical quality ﬁnish on their larger faces due to
being cast, whereas crystal scintillators such as NaI(Tl) have to be milled into shape,
leaving a rougher face. The scintillation light produced in PVT detectors is therefore
subject to total internal reﬂection (TIR), where 100% of the light is reﬂected from
its larger surface, given that its angle of incidence is less than the TIR critical angle.
The smaller surfaces, or edges, of PVT detectors are usually milled to speciﬁcation,
leading to a poorer quality ﬁnish and therefore no TIR. Light reﬂecting from these
rougher surfaces have an increasing chance of loss each time they reﬂect. For smaller
detectors this is generally not a problem, but for the large area designs desired for
radiation portal monitors, multiple internal reﬂections may occur before ultimately
reaching the attached photomultiplier tube, further increasing the path length of the
light. Current radiation portal monitors rely on total internal reﬂection to contain the
scintillation light until it can be detected by the photomultiplier tube. Further reﬂec-
tive materials can be added to the detector to maximise the light collection. These
materials are categorised as either specular reﬂectors or diffuse reﬂectors and have
different efﬁciencies.
3.3.4 Material Type
Plastic scintillator comes in a variety of options for different applications. Many use-
ful properties can be added to PVT to optimise the material for a certain task. For
example, wavelength shifted scintillator that emits light in the green or red portion
of the optical spectrum are suitable for coupling with photo-diodes and loading the
scintillator with an extra element such as lead can increase its stopping power at lower
energies. These reﬁnements usually come at a cost however, the light output of wave-
length shifted PVT is signiﬁcantly reduced in comparison with standard PVT scintil-
lator, having just 6,600 photons per MeV for red scintillator and 5,300 photons per
MeV for green scintillator [Saint Gobain, 2009b].
Lead loading of the detector improves the stopping power at lower energies, but at a
huge cost of light output. A typical 5% loading of the detector results in a light output
of just 4,700 photons per MeV. The beneﬁts are also restricted to energies around that
of 200keV and below, where the light output is of greatest consequence with respect to
3-8statistical broadening due to the number of available photo-electrons. Boron loading
is also available for increased chances of Neutron detection, but again at a cost to light
output.
The best possible type of PVT scintillator for gamma-ray detection has the highest
light output with good durability. Current examples of such materials include El-
jen EJ-200 and Bicron BC-400. In 2007 Campbell and Crone [Campbell and Crone,
2007] published details of a new plastic scintillator with over 3x the light output of
current plastic scintillators. The authors achieve this by the inclusion of heavy metal
phosphorescent dopants with concentrations measuring up to 35 wt % giving a peak
light yield of 32,000 photons/MeV. This material has a much slower decay time at
around 850ns and has only been prepared in microscopic ﬁlms. It will therefore not
be replacing standard PVT scintillator in the near future, but shows potential if costs
can be kept low.
3.3.5 Light Guides
Optical light guides are classically used to pipe scintillation light from a scintilla-
tion material to a photomultiplier tube or diode. Light guides are useful when the
photomultiplier tube is either smaller is size than the scintillation material, or if the
dimensions of the scintillation material do not match that of the photomultiplier tube.
Examplesoflightguidedesignsinclude“ﬁsh-tail”lightguides, whichcouplearectan-
gular scintillator to a circular photomultiplier tube of roughly the same cross-sectional
area, trapezoidal light guides which simply taper a large area matching the detector
to a small one matching the photomultiplier tube, optical ﬁbres for piping the light to
distant receiver and twisted strip light guides, shown in Figure 3.4 that pipe light from
a long thin sheet of scintillator to the circular area of a photomultiplier tube. Light
guides are often used in particle detection experiments where the amount of light col-
lected from the scintillator after an interaction is of lesser importance, as long as a
measurable signal is received.
3-9Figure 3.4: An example of a twisted light guide used for piping light from a thin sheet
to a round surface [Saint Gobain, 2009a].
3.3.6 Variation in Light Yield
The response of plastic scintillators is largely stated to be linear with respect to the
amount of energy deposited in them [Knoll, 1989]. The response to gamma rays over
a suitable spectrum for gamma ray spectroscopy remains unseen however. In 1962
Brannen & Olde [Brannen and Olde, 1962] suggest that the response of plastic scintil-
lator to external electrons is largely linear from energies above 125keV up to 2.5MeV,
whereas their experiments suggest the response of internal electrons is linear down to
around 20keV. They attribute any non-linearity of external electrons below 125keV to
surface interaction effects of the scintillator. However, Birks previously deﬁnes a non-
linear response in plastic scintillator due to the quenching of the primary excitation by
the high density of ionised and excited molecules and gives the Birks equation, shown
in equation (3.6), describing the response of the scintillator for various particle types
[Badhwar et al., 1967].
dL
dx
=
S dE
dx
1 + kB dE
dx
(3.6)
Where dL
dx is the differential light output, x is the path length of the charged particle,
S is the unquenched sensitivity, dE
dx is the collisional stopping power of the mate-
rial and kB is Birk’s parameter. Brannen & Olde’s results suggest a contradiction to
Birks equation for internal electrons when using a well-type detector, but appear to
correlate for external electrons using a disk shaped detector. In 1967 Badhwar et al
conducted further experiments with plastic scintillators and conﬁrm the non-linearity
3-10to be consistent with that predicted by Birks equation for low energy electrons. In
1994 Peron and Cassette study liquid scintillator cocktails at energies of 1 to 20keV
and again conﬁrm Birks equation with different values for kB. More recently, in 1999
Williamson et al [Williamson et al., 1999] study the response of plastic scintillators to
low energy photons for use as a brachytherapy dosimeter. They conclude that plastic
scintillators are largely linear above energies of 100-150keV, which is in agreement
with the available literature. They also show an apparent non-linearity for energies
below 100-150keV but note possible inaccuracy due to the use of bremsstrahlung ra-
diation as opposed to a mono-energetic radiation source. In summary the literature
suggests a deﬁnite non-linear response to external electrons below 125keV in energy,
but whether or not this is due to surface effects is not yet known. No current data
is available for the response of PVT based scintillator to low energy gamma-rays in
terms of its linearity.
3.4 Detector Modelling with GEANT4
The GEANT (GEometry ANd Tracking) 4 simulation tool-kit is a collection of pro-
gramming libraries, data sets and scripts written mostly in C++ that are used to con-
struct and model physical events. Geant4 is native to the Linux operating system.
With the addition of certain libraries, the theoretical models needed to successfully
simulate a detector’s response to incident radiation can be constructed. The same soft-
ware can be used in a different mode to model the optical transportation of subsequent
scintillation light within a detector. A virtual radiation source can be placed at dif-
ferent locations of the detector to determine spatial variations in the light collection
efﬁciency and the detector geometry can also be altered to model any improvements
in light collection efﬁciency. Materials can be added to simulate photomultiplier tubes
with various quantum efﬁciencies, and a range of reﬂective materials can be added
to the detector. The combination of gamma-ray and optical simulations is used to
construct a full model of a detector system, with the ability to evaluate each detec-
tor’s attribute for optimal performance. Background objects can also be factored in
to determine how they might inﬂuence the response of the detector in a real-life en-
vironment. The initial version of Geant4 used was version 4.7.1, the software was
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used the same version of Geant4, and all versions incorporated the G4LECS, low en-
ergy Compton scattering package, before the package was implemented as a Geant4
standard in version 4.9 and upwards.
3.4.1 Simulating Gamma-ray Interaction
Gamma-ray interaction models require only basic programming in Geant4, the scintil-
lation material is deﬁned along with each physics library that will be present to model
interaction processes. Once this is complete the user can shoot particles at the de-
tector and extract the response from the output, such as the energy absorbed by the
detector for each event, the location of each interaction and the type of physical in-
teraction process. For gamma-ray simulations, the response of the detector over the
range of energies appropriate for gamma-ray spectroscopy is desirable. Therefore, a
multi-channel analyser type model was created to build an energy loss spectrum for a
complete range of incident gamma-ray energies. Shooting millions of mono-energetic
gamma-ray photons at the detector slowly builds up an energy-loss spectrum for that
given energy. Looping this simulation to encompass energies from 0keV to 3MeV in
small increments results in a complete simulation of how the detector responds to all
energies of interest. The gamma-ray simulation provides an excellent model of the
detector material’s initial response to radiation, but further modelling is required to
predict the behaviour of the resulting scintillation light and its subsequent detection
by photomultiplier tubes.
3.4.2 Simulating Optical Processes
Optical simulations to model the behaviour of scintillation light are more complex
than those involved in gamma-ray simulations. In addition to the chemical composi-
tion, the detector medium must also be assigned various optical attributes, as must any
other materials that are present in the simulation. The borders between each material
must also be deﬁned, and the interaction process describing how light should propa-
gate from one material to the other. After the initial set up is complete, optical photons
of a speciﬁc energy can be ﬁred isotropically inside the detector at a speciﬁc location
to simulate a scintillation event. The number of optical photons ﬁred is representa-
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location as a photomultiplier tube would be in order to absorb and count the number
of photons recorded for each scintillation event. The number of photons can then be
used in conjunction with the quantum efﬁciency of the photomultiplier tube to give
the total number of photo-electrons received for each gamma-ray ﬁred at the detector.
From these simulations, the total light collection efﬁciency and its the spatial variation
can be determined by ﬁring bursts of optical photons inside the detector at different
locations. A two or three dimensional map is then created to show the number of
photo-electrons received for each gamma-ray interaction point. This is extremely use-
ful for evaluating the effects of reﬂective materials, detector geometry and the use of
light guides on the quality of the energy-loss spectra.
3.4.3 An Integrated Model of a Complete Detector
Having obtained information on the gamma-ray interaction process and the behaviour
of the resultant simulated light, an integrated model of the detector could be con-
structed. The ﬁgures extracted from the optical simulations were used to create a
mathematical energy response function, as shown previously in equation (3.1). This
equation was then used to broaden the raw energy loss spectra created from gamma-
ray simulations, producing a realistic looking energy loss spectrum for any combina-
tion of incident gamma-rays. Geant4 comes with the ability to add a radioactive ma-
terial to the simulation, which incorporates the complete model of radioactive decay
and subsequent fraction of gamma-rays produced per decay. Therefore any possible
scenario can be created in the simulated environment given enough time, which can
prove very useful for investigating how the energy-loss spectra of a detector are af-
fected by external inﬂuences such as shielding or scattering off nearby objects. The
behaviour of a detector must be modelled accurately however and the simulated val-
ues obtained from optical simulations may not be accurate enough to account for any
dissimilarity in one detector from the next. The simulation provides an ideal result
given that the material is of perfect quality, that the reﬂective materials are perfectly
uniform and perfectly bonded, and the response of any photomultiplier tubes are per-
fectly accurate. In practice this is not the case, as each individual detector has its
own set of characteristics that deviate from that of an ideal detector. The simulation
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spectra with regards to any optical improvements.
3.5 A New Detector Design: Integration of Optimal
Design Principles
There have been very few studies into the optimisation of plastic scintillators, espe-
cially for the use in gamma-ray detection. Paciﬁc Northwest National Laboratory has
conductedthemajorityoftheavailableresearchintooptimisingplasticscintillatorsfor
use as gamma-ray detectors. Two such studies were undertaken, the Advanced Large-
Area Plastic Scintillator project [Jordan et al., 2003] (ALPS) and a similar upgraded
project called the ALPS-II project [Jordan et al., 2007]. The ALPS II project was the
more advanced of the two projects and was conducted independently at the same time
as the research presented in this thesis. This study has provided many useful results,
conﬁrming many of the ﬁndings presented in the following subsections.
3.5.1 Applying Light Guides
In applications such as gamma-ray spectroscopy the light collection is of paramount
importance. Any extra material between the photomultiplier tube and the scintillation
material will inevitably increase the number of light reﬂections, optical interfaces and
the amount of material the light travels through, increasing the chances of absorption.
This will reduce the overall light collection efﬁciency and increase the variation in the
light collection efﬁciency. Scheu et al [Scheu et al., 2006] conﬁrm this by attaching
various shaped light guides to a scintillator and measuring the resulting performance.
They conclude that:
“The addition of plastic light guides of various shapes to one end of the
scintillator results in a remarkable loss of light, almost independent of the
used wrapping material.”
Scheu et al further recommend direct coupling of the scintillator to the photomultiplier
tube(s).
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of the face of a PVT scintillator used for gamma-ray detection, photomultiplier tubes
should be directly coupled to the scintillator using an optical bonding agent to ensure
minimal loss of light. Jordan et al [Jordan et al., 2007] also conﬁrm this, simulating
both ﬁsh-tail and trapezoidal light guides attached to a PVT detector with the Geant4
simulation tool-kit. Any conﬁguration simulated resulted in a loss of light collection
efﬁciency due to transmission losses through the light guides. Direct coupling of the
photomultiplier tubes to the detector provided the highest light collection in each case.
If the area of the detector face is large, a large photomultiplier tube or an increased
number of photomultiplier tubes should be used to completely cover the surface with
as much photo-cathode area as possible. However, if the number of photomultiplier
tubes are limited, or the shape of the PVT is somewhat awkward for attaching multi-
ple photomultiplier tubes, only short length, low ratio, trapezoidal light guides should
be used to retain optimum light collection efﬁciency, as shown in Figure 3.5. These
guides provide a slight gap between each photomultiplier tube which can be useful
when designing clamps to hold the photomultiplier tubes ﬁrmly to a detector’s edge.
Each optical interface should be ﬁxed using an optical bonding agent to eliminate any
Figure 3.5: A diagram showing short, trapezoidal light guides connecting photomulti-
plier tubes to a scintillator. Such guides provide a slight gap between multiple photo-
multiplier tubes on a single detector edge which can be useful when designing clamps
to hold the photomultiplier tubes ﬁrmly to the detector’s edge.
air gaps, as the difference in refractive indices can cause light trapping between the
two materials. This conﬁguration ensures all of the detector face is covered and the
loss of light due to extra material and optical interfaces is minimal. Using small light
guides, up to a few centimetres in length, in this manner can also signiﬁcantly decrease
the variation in the light collection efﬁciency of the detector, given that gamma-ray in-
teractions close to the photomultiplier tube(s) produce a much larger signal than that
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signal without adversely affecting the average light collection efﬁciency.
3.5.2 Applying Reﬂective Materials
Scheu et al [Scheu et al., 2006] study a range of these reﬂective materials on PVT
scintillators in 2006 and give an efﬁciency for each material by measuring the yield
of photoelectrons observed per 10mm of PVT in a scintillating bar of dimensions
700mm20mm6.4mm. The bar was composed of BC-412 from Bicron and read
out at both ends using XP2020 photomultiplier tubes. The results by Scheu et al are
shown in Table 3.1. The results clearly indicate that the best reﬂector for PVT is the
Table 3.1: Relative reﬂectivity of various scintillator reﬂective materials
Material Relative Efﬁciency Type
VM2000 100% Specular
Tyvec (loose) 58% Diffusive
Teﬂon tape 48% Diffuse
Tyvec (tight) 48% Diffuse
Aluminium foil 44% Specular
Bare scintillator 41% N/A
Black paper 34% N/A
VM2000, a highly reﬂective ceramic reﬂector by 3M. Diffuse reﬂectors are somewhat
useful if they are not tightly bound, and aluminium foil is only slightly better than
using no reﬂective material at all. Given that PVT has optical quality faces, a highly
reﬂective specular reﬂector should give the best results. If the material in use were
NaI(Tl) the specular reﬂector would yield poor results due to its rough surface ﬁnish.
The crevices in the rough surface of NaI(Tl) make the surface a diffuse reﬂector in it-
self so adding a specular reﬂector makes little difference. Surrounding the crystal with
a diffuse reﬂector such as MgO is more desirable to contain the scintillation light. As
NaI(Tl) crystals are typically small in size the light will eventually reach the photo-
multiplier tube without signiﬁcant light loss.
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iment but with a circular disk of PVT scintillator. The PVT scintillator was EJ-200,
manufactured by Eljen technology with a 5" diameter and 40mm thick. The disk’s
edges were milled, whilst the faces were cast to an optical quality ﬁnish. An Adit
B133D01 5" photomultiplier tube was attached to one surface of the disk, whilst var-
ious reﬂectors were applied to the top as shown in Figure 3.6. For this experiment,
the VM2000 specular reﬂector was replaced with 3M’s Enhanced Specular Reﬂector
(ESR), a ceramic ﬁlm reﬂector with over 98.5% reﬂectivity in the visible light spec-
trum. The performance of each material was measured by observing the sharpness of
Figure 3.6: 5-inch 40mm PVT disk with reﬂector
a 662keV Compton edge from a Cs-137 source as it interacts with the PVT. The sharp-
ness of the Compton edge was measured much in the same way as a typical full energy
deposit is, in terms of a full width at half maximum. As a Compton edge technically
has no FWHM in a strict sense given its shape, an equivalent was created by mea-
suring the half width at half maximum of the leading edge and doubling the resulting
value as shown in Figure 3.7. As well as testing various materials for performance,
optical coupling was tested with the specular reﬂector to measure its effect on the per-
formance. The coupling used for the experiment was silicone optical grease, and was
also applied to the interface between the photomultiplier tube and the PVT to reduce
the chances that light might become trapped between the photomultiplier tube’s glass
surface and the PVT disk surface. The results are shown in Figure 3.8. The results
show that an optically coupled, highly reﬂective specular reﬂector gave the best per-
formance. Using specular reﬂector without any coupling was less effective than using
3-17Figure 3.7: Half width half maximum of a Compton edge
a diffuse reﬂector. This is due to the air gap left between the specular reﬂector and
the PVT, as the change in refractive index means that total internal reﬂection is the
main process of reﬂection. This not only renders the specular reﬂector ineffective, but
may also increase the chances that the light becomes trapped externally between the
reﬂector and the PVT surface. The results show correlation with those presented by
S. Scheu et al but it is not stated whether the VM2000 used by Scheu et al had any
optical coupling.
Finally, thelocationofthereﬂectivematerialsisalsoofgreatimportance. Anumberof
ways could be used to wrap a detector in reﬂective material. For smaller detectors like
those of NaI(Tl) crystals, the material is fully contained on all sides by reﬂective ma-
terial, except that of the photomultiplier. PVT however is generally much larger and
beneﬁts from a greater optical attenuation length and optical quality surfaces. This
means that over large distances, even a high quality reﬂector might give signiﬁcant
light loss if the detector were wrapped on all faces. To conﬁrm the optimal conﬁgura-
tion for reﬂective materials, a series of Geant4 optical Monte Carlo simulations were
performed. These include simulations for:
 Completely wrapped detector: The whole detector was wrapped except for the
3-18Figure 3.8: Comparison of reﬂector performance using the equivalent FWHM, shorter
bars indicate better results.
photomultiplier tube interface.
 Completely unwrapped detector: No wrapping was used at all.
 Wrapping applied to the large faces only: Only the two large faces of the detec-
tor were wrapped.
 Wrapping applied to the edges only: Only the three edges were wrapped, as the
ﬁnal edge was attached to the photomultiplier tube.
 Wrapping applied to the end only: Only the edge on the opposite end to the
photomultiplier tube was wrapped.
For these simulations, a detector with dimensions 150cm25cm4cm was used with
photomultiplier tubes attached to one of the 25cm edges, as shown in Figure 3.9.
The reﬂectivity of the wrapping was set to 98.5%, which is the average reﬂectivity
of VM2000 and ESR. The detectors were simulated by ﬁring 10,000 optical photons
isotropically inside the detector at 10cm intervals in both the length and width di-
mensions. The results give an average light collection efﬁciency and spatial variation
in that light collection efﬁciency for each design. The best conﬁguration is the one
3-19Figure 3.9: A detector with dimensions 150cm25cm4cm with photomultiplier
tubes attached to one of the 25cm. This conﬁguration was used for Geant4 simu-
lations to conﬁrm reﬂective material conﬁgurations.
producing the highest light collection without incurring a signiﬁcant spatial variation.
These results are shown in Table 3.2. The results indicate that the best conﬁguration
Table 3.2: The effect of wrapping conﬁguration on the light collection efﬁciency of a
150cm25cm4cm PVT detector
Conﬁguration Light Collection Efﬁciency Spatial Variation
Completely Wrapped 31.3% 24.0%
Completely Unwrapped 26.2% 13.7%
Wrapped Faces 24.0% 28.2%
Wrapped Edges 35.3% 12.0%
Wrapped End 31.4% 10.0%
for wrapping PVT in reﬂective material in terms of light collection efﬁciency is wrap-
ping only the edges of the detector. This conﬁguration gives the highest light collec-
tion without signiﬁcantly increasing the spatial variation. The conﬁguration with the
best collection uniformity at 10.0% appears to be the detector with a single wrapped
end. However, this particular simulation is less accurate than the others by giving an
overly optimistic result. This is because in reality the edges of the detector are not of
an optical quality ﬁnish, but by default they are stated as optical quality in the simula-
tion as part of the PVT’s optical characteristics as a whole.
Wrapping the two large faces of the detector in any conﬁguration produces poor re-
sults every time and therefore the faces should always be unwrapped. Although this
conﬁguration automatically results in a signiﬁcant light loss through the large faces of
the detector, light emitted at such angles would otherwise become highly attenuated
by the number of reﬂections required to travel to the photomultiplier tube. Each re-
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reﬂecting at angles below the critical angle also becomes unnecessarily attenuated on
each reﬂection, reducing the overall light collection efﬁciency and increasing the vari-
ation in the light collection efﬁciency. Finally, wrapping the whole detector would
signiﬁcantly increase the cost due to the high quality specular reﬂector used for opti-
mum reﬂectivity. The edges of the detector are considered rough in comparison to the
faces. Diamond milling of the edges would increase the quality of the surface ﬁnish
enough to apply an optically bonded specular reﬂector for maximum reﬂectivity.
3.5.3 Geometry
The geometry of the plastic scintillator is important when considering the sensitivity
and the cost of the detector. The primary goal in detector geometry is to retain optimal
spectral quality whilst increasing the volume of the detector. The detector must there-
fore cover as large an area as possible without creating a huge decrease or differential
in the light collection efﬁciency. Current detectors are bulky and high in volume with
poor resulting light collection so this technique must be avoided. The ﬁrst dimension
of the detector geometry to be considered is its thickness. The thicker the detector is,
the higher the detection efﬁciency with incident gamma-rays. However, a thicker de-
tector will also result in a larger probability of multiple Compton scatters, which sub-
sequently degrade the clarity of the Compton edge. The aim is to increase the clarity
of the Compton edges in the energy loss spectra, and therefore the thickness should be
restricted accordingly. To determine the trade off between detection efﬁciency and the
amount of multiple Compton scattering, a Geant4 simulation was constructed using
a Na-22 source placed above PVT slabs of dimensions 50cm12.5cm with varying
depth. Two million gamma-ray photons were ﬁred for each simulation, the results
for which are shown in Figure 3.10. Figure 3.10 shows that for increasing depth the
number of counts present from multiple Compton scattering events increases. This
increase is quantiﬁed by measuring the total number of counts in the multiple scat-
ter area of the 511keV induced Compton edge as a percentage of the total number of
counts in the Compton edge as a whole. Figure 3.10 shows the boundaries used for
this calculation labelled as “Marker” and represents the start of the Compton edge, the
start of the multiple scatter region and the end of the Compton edge/multiple scatter
3-21Figure 3.10: Geant simulations showing gamma-rays from a Na-22 source interacting
with a 50cm12.5cm PVT detector with varying depth.
region respectively. The amount of counts present as multiple scatter events are shown
in Table 3.3. The results in Table 3.3 show that the percentage of multiple scattering
Table 3.3: Multiple scatters as a percentage of the total number of counts in a 511keV
induced Compton edge for various depths of PVT scintillator.
PVT Depth Multiple Scatters
1cm 25 +/-2%
2cm 30 +/-2%
3cm 34 +/-2%
4cm 36 +/-2%
5cm 39 +/-2%
10cm 46 +/-2%
events as a function of PVT depth is relatively linear. A depth of around 4cm is chosen
as a trade off between detection efﬁciency and potentially clear Compton edges in the
resulting energy loss spectrum.
3-22The second dimension of the detector to consider is the width of the detector. The
width of the detector is again a trade off, though this time between light collection
efﬁciency, detection area and cost. Increasing the volume of PVT used by a small
factor has little effect in the overall cost of a system in comparison to the extra elec-
tronics required to detect the scintillation light. Therefore if one edge of the PVT is
covered with photomultiplier tubes, the detector width should be made in multiples of
the photomultiplier tube diameter that is being attached.
The ﬁnal dimension is the length of the detector. The length must be as long as pos-
sible to cover as greater detection area as possible without signiﬁcantly degrading the
light collection or its variation. If the ratio of length to width is too high, the detector
becomes like a thin pipe, increasing the number of internal reﬂections required along
the length of the detector before detection and increasing the volume of material tra-
versed by the light. To keep an optimum light collection and spatial uniformity, the
dimension ratio must be kept within certain limits.
The photomultiplier tube placement is also an important factor in deciding the de-
tector geometry. Photomultiplier tubes could be placed at both ends of the detector, or
at only one end of the detector with reﬂector attached at the other end. A conﬁgura-
tion with photomultiplier tubes attached to one end, and reﬂector at the other, should
give the same performance as using a photomultiplier tube at both ends of a detec-
tor twice the original length. This conﬁguration is then purely optional based on the
requirements of the detector system as a whole. As the thickness of the detector has
already been established at a set value, the area must be altered to match the desired
volume of material. In order to maximise light collection efﬁciency, the dimensions
of the detector should match an optimum geometrical ratio for that area with a given
number of photomultiplier tubes. Geant4 optical simulations are used to determine
how the detector geometry, number of photomultiplier tubes and the conﬁguration of
those photomultiplier tubes affect the light collection and spatial uniformity.
First, it can be shown that for a set detection area or volume, covering an edge with
as large a number of photomultiplier tubes as possible will increase the total light
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detector of dimensions 150cm50.8cm4cm with a varying number of 5" photomul-
tiplier tubes attached to one end and ESR reﬂector covering all other edges. 10,000
optical photons are ﬁred every 10cm along the width of the detector and every 10cm
along the length of the detector. The average number of photons that are received by
the photomultiplier tube(s) as a percentage of those initiallyﬁred give the average light
collection efﬁciency, the results are shown in Figure 3.11. Paciﬁc Northwest National
Figure 3.11: Light collection efﬁciency as a function of the number of photomultiplier
tubes attached to one end of a 150cm50.8cm4cm PVT detector.
Laboratory’s ALPS and ALPS II projects both provide insight into the light collection
of a PVT detector with respect to the number of photomultiplier tubes attached. Table
3.4 shows some simulated results from the ALPS project, highlighting that the light
collection efﬁciency of a 127cm57cm5cm PVT detector is heavily dependent on
the number of photomultiplier tubes attached. The detector was simulated with loose
aluminiumfoilwrapping, givingaround85%reﬂectivity. The“PMTConﬁg.”ﬁeldhas
been adjusted to show how many 5" photomultipliers were attached at each end of the
detector, “1+1” for example means that 1x 5" photomultiplier tube was used at each
end of the detector. The results shown in 3.4 conﬁrm the increase in light collection
efﬁciencyas afunction ofthe number ofphotomultiplier tubesattachedto thedetector.
It can also be shown that increasing the volume of the detector decreases the light
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tor with respect to the number of 5-inch photomultiplier tubes attached. Data from
PNNL’s ALPS project [Jordan et al., 2003]
PMT Conﬁg. No. of PMTs L.C.E.
1 + 0 1 10.9%
2 + 0 2 19.9%
3 + 0 3 27.4%
2 + 2 4 30.7%
3 + 3 6 40.2%
collection efﬁciency for a given detector width and number of photomultiplier tubes
attached. For these simulations the detector thickness and width are ﬁxed, and there-
fore increasing the length of the detector increases the volume. This simulation is
performed initially with a 25.4cm detector width covered by 2x 12.7cm diameter pho-
tomultiplier tubes. The detector is wrapped on all edges with ESR reﬂector. Once the
simulations are completed for a 25.4cm width, the width is increased along with the
number of photomultiplier tubes. A total of three widths are investigated, equating to
using 2, 3 or 4 photomultiplier tubes each with 12.7cm diameter. Figure 3.12 shows
how the light collection degrades with an increase in detector volume for these various
width settings. For this simulation the increase in width is followed by an increase in
the number of photomultiplier tubes to match that width. Figure 3.12 illustrates that
at a ﬁxed width, increasing the length, and thus volume, of the detector decreases the
light collection efﬁciency exponentially. This result is expected as the optical atten-
uation equation predicts an exponential decay in signal over increasing length. The
ﬁgure also shows that by adding more photomultiplier tubes to increase the detector
width and decrease the length, whilst retaining the same volume, the overall light col-
lection is signiﬁcantly increased. Adding extra width to the detector to increase the
overall volume will not degrade the light collection as long as additional photomulti-
plier tubes are added. Figure 3.13 shows the same simulation but for the variation in
the light collection efﬁciency as the volume of the detectors increase. It can be seen
for each detector that increasing the volume of the detector by its length increases the
3-25Figure 3.12: Light collection as a function of detector volume/length.
variation in the light collection efﬁciency. However, detectors at a set volume have a
lower variation in the light collection if they have a lower length to width ratio with a
greater number of photomultiplier tubes attached to that width.
Usually though the number of photomultipliers is ﬁxed as they are a prime contrib-
utor towards to the overall cost of the detector. Therefore, if one needs to increase
the detection area, whilst retaining the same number of photomultiplier tubes, the best
technique must be established. By simulating 2x 5" photomultiplier tubes ﬁxed to
a varying sized section of PVT, the light collection as a function of detector dimen-
sions can be measured. Figure 3.14 shows the light collection as a function of volume
for different width detectors whilst all using 2x photomultiplier tubes with diameter
12.7cm. Figure 3.14 illustrates that for a given number of photomultiplier-tubes, in-
creasing the width of the detector in order to increase the volume only degrades the
light collection by a few percent. This shows that the aspect ratio of length to width
for a ﬁxed number of photomultiplier tubes is not a signiﬁcant factor in determining
the average light collection efﬁciency for lengths of up to 2m. Figure 3.15 however
shows the variation in the light collection for the same set of detector geometries and
clearly demonstrates that increasing the width for the same volume decreases the vari-
3-26Figure 3.13: Variation in light collection as a function of detector volume by increas-
ing detector length
ation in the light collection. Figure 3.16 shows the difference in the variation in light
collection efﬁciency for the same geometry detectors but with a different number of
photomultiplier tubes. One should expect that a detector with the same dimensions
should have the same variation in the light collection regardless of the number of pho-
tomultiplier tubes attached. This is the case as 3.16 shows. The variation in the light
collection efﬁciency is almost identical for the same geometry detector, showing no
relevance to the number of photomultiplier tubes, but is based entirely on the shape of
the detector. This is an important result as it allows a detector with a limited number
of photomultiplier tubes to reduce the variation in light collection whilst increasing
the detector volume by increasing its width. A high length to width ratio produces
poor spatial uniformity along the detector.
The beneﬁt of this result can only be seen when the effects on detector resolution
are put into context. At lower energies for example the resolution of the detector will
be dominated by the statistical variation in the number of photo-electrons, which in
turn is a function of the light collection efﬁciency. At higher energies however there is
more light available for each interaction, so the variation in the light collection plays
a bigger role in broadening the detector resolution.
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At higher volumes (>20 Litres) the detector has less than 30% light collection ef-
ﬁciency and starts to become impractical due to degradation of the signal. If high
volumes of PVT are required then the only way to maintain good light collection is to
add more photomultiplier tubes. Therefore the best conﬁguration is to maintain a low
aspect ratio of length:width whilst placing as many photomultiplier tubes along that
width as ﬁnancially possible.
3-28Figure 3.15: Variation in light collection as a function of detector volume by increas-
ing detector width
Figure 3.16: Variation in light collection as a function of detector volume by increas-
ing detector width
3-293.5.4 Tapering the PVT
The ﬁnal optimisation for a plank shaped PVT detector design is the inclusion of a
taper along the length of the material. The taper keeps the same width at the photo-
multiplier tube end of the PVT to match its dimensions but gives a slightly narrower
width at the opposite end. The function of this taper is to encourage the scintillation
light trapped inside the detector to propagate towards the photomultiplier tube end on
a straighter path by undergoing fewer reﬂections until it reaches the photomultiplier
tube. This ensures that the light attenuation with respect to both self absorption by the
PVT and absorption by the external reﬂective material is reduced. The amount of ta-
per is investigated using Geant4 simulations of a 150cm25.4cm4cm PVT detector
with 2x 5" photomultiplier tubes at one end. The detector has ESR optically bonded to
its edges. The detector is initially simulated with no taper, then the taper is increased
by decreasing the smaller end of the detector by 4cm per simulation until a 10cm
decrement is reached. The results are shown in Table 3.5. Table 3.5 shows that any
Table 3.5: Simulated light collection efﬁciency and variation thereof of a
150cm25.4cm4cm trapezoidal PVT detector with a varying taper.
Narrow Width Dimension Taper(%) Volume L.C.E. V.L.C.E
25.4cm 0% 15.2 litres 35.3 +/-1.0% 11.5 +/-0.9%
21.4cm 16% 14.0 litres 38.0 +/-1.0% 10.0 +/-0.8%
17.4cm 31% 12.8 litres 40.0 +/-1.0% 9.4 +/-0.8%
15.4cm 47% 11.6 litres 42.0 +/-1.0% 9.2 +/-0.7%
9.4cm 63% 10.4 litres 43.8 +/-1.0% 8.9 +/-0.7%
5.4cm 79% 9.2 litres 45.2 +/-1.0% 9.0 +/-0.7%
size of taper gives a performance beneﬁt over not having a taper. The light collection
efﬁciency increases and the variation in the light collection efﬁciency decreases with
taper size. The rate at which the variation in the light collection efﬁciency changes,
however, slows as the taper is increased. Table 3.5 also shows that the volume of the
detector also decreases with increasing taper, reducing the detector efﬁciency. There-
fore a trade off between spectral quality and detector efﬁciency has to be met. For this
3-30particular detector, up to 30% taper would seem a good choice, as it has a 5% increase
in light collection efﬁciency, a 2.1% reduction in the variation in light collection but a
2.4 litre reduction in volume. The next setting at 47% taper however only gives a 7%
increase in light collection and a 2.3% decrease in the variation of the light collection
for a 3.6 litre reduction in volume. This would suggest that any taper gives a great
improvement in quality, but to keep the taper relatively small as to not lose too much
detector volume.
3.6 Conclusions
This Chapter has shown that there are many techniques available to optimise plastic
scintillators, and a combination of these can drastically improve the factors which af-
fect the quality of any resulting spectra. The number of photomultiplier tubes attached
to a detector was found to be one of the largest contributors to the light collection ef-
ﬁciency. Light guides degrade this performance and therefore the photomultiplier
tubes must be directly bonded to the detector’s edge with a designated optical bonding
agent. The best wrapping for a PVT detector was found to be an optically bonded,
highly reﬂective specular reﬂector bonded to the edges of the detector, whilst leaving
the large faces un-wrapped. The dimensions of the detector were the largest contri-
bution towards the variation in the light collection efﬁciency, with long, thin detectors
having the greatest variation in the light collection. Adding a taper to the detector
increases the light collection and decreases the variation in the light collection, but
also decreases the detector’s volume. A small taper was found to be very beneﬁcial.
These results were mostly determined by Monte Carlo simulations using the Geant4
tool-kit. In Chapter 4 these principles were incorporated into detector designs and
manufactured to test their performance experimentally.
3-313-32Chapter 4
Optimised Prototypes
4.1 Introduction
Chapter 3 outlined the requirements and processes used to design optimised plastic
scintillator detectors. The design needs to maximise light collection efﬁciency whilst
minimising the spatial variation in the light collection efﬁciency. The design must be
of a large enough area to provide good sensitivity, whilst also remaining relatively
inexpensive. Expensive bespoke manufacturing techniques or large quantities of ma-
terials or electronics to operate should also be avoided to keep costs to a minimum.
In the following sections three prototypes are outlined and tested for performance ac-
cording to these speciﬁcations. The ﬁrst is a small area detector designed both as a
proof of concept as well as a potential hand-held detector, whilst the later two designs
are larger in area are therefore more practical for use in a radiation portal monitor.
Each detector is evaluated in terms of its light collection efﬁciency, spatial variance
and the quality of the resulting energy loss spectra for a variety of measured isotopes.
4.2 Measurements
Here the process of measuring the light collection efﬁciency, spatial variation in the
light collection efﬁciency and how the quality of spectra is determined are discussed.
The techniques are those used to measure the attributes of spectroscopic crystals such
as NaI(Tl), except for the light collection efﬁciency; which must be inferred, as dis-
cussed, in the following section.
4-14.2.1 Light Collection Efﬁciency
Ordinarily the light collection efﬁciency of a scintillation detector can be inferred
by using the measured full width half maximum of a photo peak in an energy loss
spectrum. From equation (3.1) established in Chapter 3, the resolution of a detector
is a combination of factors including the light collection efﬁciency. Therefore by
measuring directly all such factors, and observing the resolution from the FWHM of
the photo peak, the light collection efﬁciency can be calculated. The light collection
efﬁciency of plastic scintillators however, can be difﬁcult to measure due to the lack
of available photo peaks, and the potential unreliability of the photo peaks that are
available due to possible variations in light yield at the low energies in which they are
present. The light collection efﬁciency of a plastic scintillator detector can thereby
be measured using two possible methods: by directly measuring the full width half
maximum of an available low-energy photo peak and assuming the variation in light
yield to be negligible; or by simulating an energy-loss spectrum for the detector using
the Geant4 simulation tool kit. Given the number of known variables that form the
detector resolution, the light collection can be estimated by ﬁtting a Compton edge in
an energy loss spectrum to a simulated equivalent from the Geant4 tool-kit. Using the
energy loss spectrum of a Na-22 source as an example, the Geant4 tool-kit produces an
energy-loss spectrum containing two distinct Compton edges. These Compton edges
are for an ideal detector and must be statistically broadened by factors from light
collection, variation in the light collection, electronic noise and variation in the light
yield. The variation in the light collection is directly measured for each detector, as
outlined in the following section. The electronic noise is assumed to be on the order
of a few photo-electrons given the low noise performance of modern photomultiplier
tubes. The variation in the light yield of PVT with respect to incident gamma-ray
energy is initially assumed to be negligible for these measurements. Various ﬁgures
for the light collection efﬁciency are then used to broaden the Compton edges and the
most accurate match to the experimental data determines the most likely value.
4.2.2 Variation in the Light Collection Efﬁciency
The spatial variation in the light collection efﬁciency of a detector is measured directly
using a collimated, mono-energetic gamma-ray source. Typically Cs-137 is used as it
4-2has an isolated gamma-ray emission at 662keV. The Cs-137 source is placed inside a
large, lead collimator measuring 4cm diameter2cm thick. An indent is cut into the
top of the lead to allow the Cs-137 source to sit inside. The collimated source is then
placed at various locations on the detector depending on the detector’s dimensions, but
typically every few centimetres along its length and width. For each source location
on the detector, an energy-loss spectrum is acquired, resulting in a two-dimensional
map of a detector’s response with respect to the source location. The central channel
that the Compton edge (or photo-peak in the case of a NaI(Tl) crystal detector) ap-
pears in is recorded for each source location. The result is the relative light collection
efﬁciency of the detector at each location. The standard deviation of these readings as
a percentage of the overall mean gives the coefﬁcient of variation, which is taken as
the variation in the light collection efﬁciency.
4.2.3 Spectral Quality
The spectral quality of the detector measured relatively by the equivalent FWHM of
the Compton edges in an energy-loss spectrum, as shown in Figure 3.7 from Chapter
3. Typically the energy-loss spectra from isotopes which produce resolved Compton
edges are used for this. Isotopes which produce many spectral lines will often have
overlapping Compton edges making accurate measurements of their FWHM impos-
sible. A wide range of incident energies is desirable, so many isotopes are used to
construct a picture of the detector’s performance. These isotopes include Cs-137, Na-
22 and Eu-152. The 662keV induced Compton edge from a Cs-137 source is used to
give an absolute ﬁgure for the performance. This Compton edge appears at 478keV in
an energy loss spectrum.
4.3 The 50cm V-Plank
As a prerequisite to the construction of a large area detector, a smaller area design
incorporating the same optimised attributes was produced. This design was 50cm
long12.5cm wide and the shape is trapezoidal, using a total of 2.5cm to taper the
width of the detector downwards along the length of the plank. The detector is there-
fore 12.5cm wide at its broader end in order to match the area of a 5" photomultiplier
4-3tube; the largest area photomultiplier tube available with good quantum efﬁciency.
The narrow end of the detector is 10.0cm (4") wide and the thickness is 4cm, making
the total volume 2.25 litres with a 20% taper. The tapered design, as described in
Chapter 3, allows for more efﬁcient propagation of optical scintillation light from the
narrowtothebroaderendofthedetector. Thedetectorreliesontotalinternalreﬂection
from its larger faces to reﬂect scintillation light internally, whereas the surrounding
edges of the detector have highly reﬂective specular reﬂector optically bonded to their
surfaces. The design was named the 50cm “V-Plank” design according to the detector
proﬁle roughly matching the shape of the letter ’V’. Figure 4.1 shows an illustration
of the 50cm V-Plank.
Figure 4.1: A 3D rendered illustration of the 50cm V-Plank.
4.3.1 Simulated Performance
An optical simulation was designed to test the performance of the 50cm V-Plank using
the Geant4 tool-kit. The simulation comprised of the plastic volume, its reﬂective
coatings and the equivalent of a photomultiplier tube attached to the larger end. In
order to simulate the light collection efﬁciency, a burst of optical photons was released
at various points inside the detector to simulate gamma-ray interaction events. Each
burst released 10,000 optical photons at 2.93eV, equivalent to a 1 MeV gamma-ray
being fully deposited within the detector. The location of these events was varied
along the length and width of the detector, with events ﬁred every 1cm along the
4-4Table 4.1: 50cm V-Plank Simulated Performance
Mean LCE 57.0 +/- 1.0%
VLCE 2.8 +/-0.3%
Table 4.2: 50cm Straight Plank Simulated Performance
Mean LCE 52.8 +/- 1.0%
VLCE 3.9 +/-0.4%
length of the detector and every 1cm along the width. For each optical burst, the
number of photons which reach the collecting end of the detector was measured. A
two-dimensional map of the detector’s light collection was then constructed, along
with the mean light collection efﬁciency and the spatial variance therein. This map
of the variation of the light collection efﬁciency is shown in Figure 4.2. The spatial
Figure 4.2: A map of the simulated variation in the light collection efﬁciency of the
50cm V-Plank.
variance was taken as the coefﬁcient of variation, using the standard deviation in the
number of optical photons detected as a percentage of the total mean. The results of
the simulated performance are shown in Table 4.1. To illustrate the improvement that
the taper makes over a standard plank-shaped design, the same detector was simulated
without the taper enhancement. Table 4.2 shows the results.
4-54.3.2 Measurements
The detector was connected to an Ortec digiBASE which in turn was connected to a
PC using a USB link. Maestro-32 software was used to capture energy loss spectra
which were then exported to a tabular format and plotted. The voltage of the photo-
multiplier tube was set to the manufacturer’s recommended voltage of 940V with the
default MCA gain settings on 1 coarse and 0.7 ﬁne. The MCA had a channel range
of 1 to 1024 channels. The low level discriminator was initially set to channel 2. The
shaping time was set to the lowest possible time setting which was 0.75s. To measure
the spatial variation in the light collection efﬁciency of the V-Plank, a Cs-137 source
was placed ﬁrst in a Tungsten collimator and then on the surface of the V-Plank. The
channel number of the 662keV spectral line from Cs-137 was then recorded as a func-
tion of the source location on the V-Plank. The source was placed in three equidistant
locations along the width of the plank for each of 5cm increment measurements along
the length of the plank. The V-Plank was connected to an Ortec Scintipack and MCA
Card. The variation in the light collection efﬁciency was minimal at less than 2%. The
Monte Carlo simulation for the prototype predicted a variation of less than 3%.
4.3.3 Energy Calibration
The 50cm V-Plank was the ﬁrst PVT based scintillator to undergo energy calibration.
It was calibrated by taking a high count, background subtracted, Na-22 spectrum. The
Na-22 spectrum was exported into a text format where it was plotted in a spread sheet.
A corresponding simulated spectrum generated using the Geant4 tool-kit for 511keV
and 1275keV incident gamma-rays was then over-laid onto the measured spectrum.
The simulated data was normalised in number of counts to match that of the experi-
mental data. A linear equation was then used to stretch the channel number axis until
the experimentally acquired spectrum matched the simulated data. The two Compton
edges at 511keV and 1275keV were used as the main reference points for closeness of
ﬁt. Once the channel number was matched to the correct energy scale the calibration
was complete. The ﬁtting process was initially measured by eye, but later a program
was written to match the spectra based on minimising the difference between the two
sets of Compton edges. The resulting linear equation between the channel number and
energy scale is the calibration equation and was manually applied to the subsequent
4-6spectra taken in order to calibrate them. This method of calibration was ﬁrst outlined
by Kudomi in 1999 [Kudomi, 1999].
4.3.4 Resulting Spectra
The following are a sample of some spectra taken with the 50cm V-Plank. For these
measurements, each source was placed above the detector at a height of around 15cm
to ensure a ﬂood illumination of the detector. Figure 4.3 shows the ﬁrst of the spectra,
which is a Cs-137 spectrum. Figure 4.3 shows a well deﬁned Compton edge induced
Figure 4.3: Cs-137 spectrum taken with 50cm V-Plank.
by the 662keV gamma-ray. The voltage and gain settings for this measurement do
not allow the resolution of the 32keV X-ray present from the Cs-137, though a high
number of counts can be seen at the low energy scale. Given the range of Compton
scattering angles it is expected that there be a large number of low energy counts in
the spectrum, though this should be at a variety of energies and not all concentrated
at the low channel numbers seen here. As this spectrum is background subtracted, the
only explanation for such a high number of counts is either backscattered gamma-rays
from surrounding material, or unresolved 32keV X-rays. The possibilities of noise or
a light leak in the detector was eradicated as a background spectrum shows no such
spikes at low energies. The second spectrum acquired was that of Na-22, shown in
Figure 4.4. Figure 4.4 shows two clear Compton edges resulting from the 511keV and
4-7Figure 4.4: Na-22 spectrum taken with 50cm V-Plank.
1275keV incident gamma-rays. The low energy spike seen in the Cs-137 spectrum is
not present, with only a minor low energy presence which suggests that the previous
spike in the Cs-137 spectrum was from the 32keV X-rays. The ﬁnal spectrum shown
here is that of Eu-152 in Figure 4.5. Figure 4.5 shows many Compton edges, most
Figure 4.5: Eu-152 spectrum taken with 50cm V-Plank.
of which are unresolvable. Eu-152 has a range of dominant gamma-ray emissions
spread relatively evenly from 122keV up to 1.4MeV. The 40keV X-ray emission is
relatively strong and is absorbed much more efﬁciently in the PVT than the higher
4-8energy gamma-rays. The 122keV gamma-ray will Compton scatter down to produce
a narrow Compton edge at around 39keV. The 40keV and 122keV emissions therefore
show as one large, combined peak in the spectrum. The extent of the intensity is not
displayed in this ﬁgure however, as the count scale is adjusted to show the range of
Compton edges present.
4.4 The 1m V-Plank
The ﬁrst of the larger area designs was the 1m V-Plank. This design was 100cm
long25cm wide and the shape was also trapezoidal, using 5cm to taper the width of
the detector downwards along the length of the plank. This design was the same shape
as the 50cm V-Plank, only with four times the volume by doubling the width and
length, making a total of 9 litres. The detector was therefore 25cm wide at its broader
end in order to match the area of two 5" photomultiplier tubes, whereas the narrow
end of the detector was 20.0cm (8") wide, showing a 20% taper. Figure 4.6 shows an
illustration of the 1m V-Plank. As the design used multiple photomultiplier tubes to
Figure 4.6: A 3D rendered illustration of the 1m V-Plank.
cover the full collection area, extra electronics and software were required to operate
the detector. An extra digiBASE was used to cover the extra photomultiplier tube, and
a large software development project was created as the two MCAs must be run in
coincidence mode. The mode available for this using the Ortec digiBASEs is called
ListModeandsimplyoutputseacheventdetectedbyeachMCAasanamplitudealong
with its time stamp. The digiBASE has a microsecond resolution internal timer that
it uses for the time stamping process, though both digiBASEs must be synchronised
manually to ensure they are set to exactly the same time. The software produced
4-9must then coincide these time stamped events and add them accordingly to produce a
coincident event. Given the relatively uniform response of the detector, the amplitudes
from each MCA event were simply added together. A more detailed overview of
the software and techniques developed for multiple photomultiplier tube detectors is
discussed in Chapter 7.
4.4.1 Simulated Performance
A two-dimensional map of the detector’s light collection was constructed, along with
the mean light collection efﬁciency and the spatial variance. The procedure for simu-
lating the variation in the light collection are kept the same as with the 50cm V-Plank
design, only with 2cm points along the width of the plank, and 2cm points along the
length. The simulated variation in the light collection efﬁciency is shown in 4.7. The
Figure 4.7: A map of the simulated variation in the light collection efﬁciency of the
1m V-Plank.
resulting ﬁgures of the simulated performance are shown in Table 4.3.
Table 4.3: 1m V-Plank Simulated Performance
Mean LCE 47 +/- 1.0%
VLCE 5.6 +/-0.6%
4-104.4.2 Measurements
To measure the spatial variation in the light collection efﬁciency of the 1m V-Plank,
a Cs-137 source was used inside a lead collimator and then placed on the surface
of the 1m V-Plank. The measurement locations used for this experiment were every
5cm along the width of the detector and every 15cm along the length of the detector,
making a total of 21 measuring points. The variation in the light collection efﬁciency
was found to be around 2%, much lower than that simulated by Geant4. A range of
isotopes were measured using the 1m V-Plank, all of which were placed in turn at
around 40cm above the centre of the detector to ensure ﬂood illumination.
4.4.3 Resulting Spectra
The same selection of spectra is presented here as were presented with the 50cm V-
Plank. The ﬁrst is Cs-137 shown in Figure 4.8. Figure 4.8 shows the Compton edge
Figure 4.8: Cs-137 spectrum taken with 1m V-Plank.
from the 662keV incident gamma-ray has excellent clarity, indicating that increasing
the volume of this detector did not signiﬁcantly degrade its performance. The low
energy spike seen in the same spectrum for the 50cm V-Plank is not present in this
4-11spectrum. This is because the low level discriminator was raised slightly to reject any
signal below that equating to around 35keV in energy in order to reduce the dead time
of the detector. Figure 4.9 shows the next spectrum, which is Na-22. Figure 4.9 again
Figure 4.9: Na-22 spectrum taken with 1m V-Plank.
shows good clear Compton edges, similar to those in the 50cm V-Plank. Figure 4.10
shows the spectrum for Eu-152. Figure 4.10 shows a similar Eu-152 spectrum to the
50cm V-Plank, though with many unresolved Compton edges, it is difﬁcult to quantify
any detailed degradation from this spectrum.
4-12Figure 4.10: Eu-152 spectrum taken with 1m V-Plank.
4.5 The 2m X-Plank
The second of the larger area designs was the 2m X-Plank. This design was 200cm
long12.5cm wide and the shape was a double trapezoidal, using 2.5cm to taper the
width of the detector downwards along the length of the plank to the middle, then
taper outwards again to the other end. This design was similar to two V-Planks placed
end to end, only with a greater length to width ratio. The volume of this design was
also 9 litres. The detector was 12.5cm wide at both ends to ﬁt a 5" photomultiplier
tube at either end. This design like the larger V-Plank used multiple photomultiplier
tubes to cover the full collection area and therefore uses the same set up as the 1m V-
Plank. The beneﬁt of using this design however, is the larger coverage area from top to
bottom, whereasthe1mV-Plankhasabettersensitivityatthemidlevel. Inapersonnel
portal for example, this design would give a better sensitivity for sources concealed
in a hat or shoe. This design also required the same software used for the 1m V-
Plank to coincide the signals from each photomultiplier tube. In this case the signals
were simply added together as with the 1m V-Plank, this is because the taper gives
a relatively uniform response across the length of the detector. A straight plank of
similar dimensions would require that the signals be added differently to minimise the
4-13variation in the signal. By taking into account the ratio of the pulse height between the
two ends of the detector, the signal could be reconstructed according to the attenuation
proﬁle from one end to the other due to optical attenuation. Figure 4.11 shows an
illustration of the 2m X-Plank.
Figure 4.11: A 3D rendered illustration of the 2m X-Plank.
4.5.1 Simulated Performance
A two-dimensional map of the detector’s spatial variation in the light collection was
constructed for the 2m X-Plank, along with the mean light collection efﬁciency. The
procedure for simulating the variation in the light collection are kept the same as with
the 50cm V-Plank design, with 1cm points along the width of the plank, and 1cm
points along the length. The simulated variation in the light collection efﬁciency is
shown in Figure 4.12. The results of the simulated performance are shown in Table
4.4.
Table 4.4: 2m X-Plank Simulated Performance
Mean LCE 46 +/- 1.0%
VLCE 5.5 +/-0.6%
4-14Figure 4.12: A map of the simulated variation in the light collection efﬁciency of the
2m X-Plank.
4.5.2 Measurements
The spatial variation in the light collection efﬁciency of the 2m X-Plank was initially
measured using the same collimated Cs-137 at 39 points; every 15cm along the length
of the detector for 3 equidistant points along the width of the detector. The variation in
the light collection efﬁciency was found to be 3%, again much lower than predicted
by the Geant4 simulation.
4.5.3 Resulting Spectra
For the 2m X-Plank Cs-137, Na-22 and Eu-152 spectra were taken to observe the
quality of the Compton edges produced. The ﬁrst is Cs-137 shown in Figure 4.13.
Figure 4.13 shows a similar spectrum to the one created by the 1m V-Plank. Initial
observation shows a similar shaped Compton edge, which was expected due to the
similar simulated results of the detector. The next spectrum is Na-22 shows in Figure
4.14. Figure 4.15 shows the Eu-152 spectrum taken with the 2m X-Plank. Both the
Na-22 and Eu-152 spectra are similar to that of the 1m V-Plank. It is again difﬁcult to
differentiate between the quality of the spectra without a more detailed analysis of the
Compton edges, which is provided in the next section.
4-15Figure 4.13: Cs-137 spectrum taken with 2m X-Plank.
Figure 4.14: Na-22 spectrum taken with 2m X-Plank.
4-16Figure 4.15: Eu-152 spectrum taken with 2m X-Plank.
4-174.6 Relative Performance of Each Design
In order to evaluate the relative performance of each detector design, two methods
were used. The ﬁrst was simply to quantify the equivalent resolution of each detec-
tor by measuring the equivalent full width at half maximum at the 662keV induced
Compton edge. The Compton edge from a 662keV gamma-ray appears at 478keV.
To measure the FWHM, a Gaussian function was generated with mean value equal to
that of the location of each of the Compton edges. The standard deviation in the mean
was then altered manually until the difference between the data and the model was
minimal. This method is not entirely accurate as only the Compton edge itself follows
a Gaussian type distribution, rather than the rest of the Compton continuum. It does
however provide a relative method for comparing the resolution of each detector de-
sign. Figure 4.16 shows the Gaussian ﬁtting process to a 662keV induced Compton
edge from the 50cm V-Plank. Table 4.5 shows the results of all the detector designs.
Figure4.16: AnexampleoftheGaussianﬁttingprocess, inthiscasea662keVinduced
Compton edge from the 50cm V-Plank.
The second method for evaluating the detector performance was to simulate a portal
type scenario where each of the larger designs were tested against each other and also
a standard sized NaI(Tl) based detector. The simulation was constructed in a Geant4
environment to determine the performance of each detector design in a walk-through
personnel portal scenario. In each portal simulation two detectors were used; one
4-18Table 4.5: Equivalent FWHM of each detector design at 662keV induced Compton
edge
Detector Equivalent FWHM @ 478keV
2m X-Plank 34 +/-1%
1m V-Plank 33 +/-1%
50cm V-Plank 32 +/-1%
each side of the portal. The portal consisted of the two detectors placed exactly 1m
apart and in vertical alignment. A simulated source was then passed through the portal
system and information such as the number of counts and the quality of the resulting
spectra were recorded. A 16Ci Cs-137 source was passed through the detector portal
at a typical walking speed of 1.2 m/s. The maximum height of the portal unit was
taken to be 2m high, and therefore the detectors were placed mid-way at a height of
1m above the ground. The source was then walked through the portal starting from
2m behind the portal to 2m in front of the portal in a series of 40 incremental steps
which averaged a speed of 1.2 m/s. Each simulation was completed at heights of 1m
and 180cm above ground. These heights were ultimately designed to test the limits
of each detector since some designs had the majority of their volume localised in one
region. Physically, the heights could represent a person with a concealed source either
on their mid-section, or perhaps hidden in a shoe or hat respectively. For this simula-
tion, the two large area detector designs were compared with a standard 4"2"16"
NaI(Tl) crystal detector. The resulting number of counts recorded in each detector,
along with the corresponding relative sensitivity compared to the NaI(Tl) crystal, are
shown in Table 4.6. The results of the simulation show that both PVT designs were
more sensitive than the NaI(Tl) crystal in a portal setting. This was expected due to
the larger area covered by each of the PVT designs. The 1m V-Plank had the best
overall sensitivity, as the total number of counts for both centre and 180cm runs was
equal to 32,018 counts whereas the 2m X-Plank was slightly less at 29,393 counts,
4-19Table 4.6: Radiation Portal Simulation Results
Detector Counts
+/-2%
(Centre)
Counts
+/-2%
(180cm)
Relative
Sensitivity
(Centre)
Relative
Sensitivity
(180cm)
2m X-Plank 16946 12447 1.44 3.27
1m V-Plank 22219 9799 1.89 2.57
4"2"16"
NaI(Tl)
11759 3806 1.00 1.00
though as predicted the 2m X-Plank was slightly more sensitive towards the ends of
the detector. The NaI(Tl) has a total number of counts of 15,565 making it on average
half as sensitive as the PVT designs. However, although the sensitivity of each design
is important, the quality of the resulting spectra is crucial to any attempt at identifying
the source. The spectra associated with each simulation were also recorded, and are
presented in Figure 4.17. There is little difference in the overall shape of the spectra
for the 2m X-Plank and the 1m V-Plank designs with designs showing a clear Comp-
ton edge at 470 keV from the incident 662keV gamma-ray, enough for the human
eye to recognise as a Cs-137 source. The PVT based designs show their disadvantage
at this point as although they are more sensitive, a large proportion of their counts
occur outside of the Compton edge which are therefore wasted counts in the context
of determining the source producing the spectra. In contrast, the NaI(Tl) design has a
high photo-fraction, showing its advantage of a clear 662keV photo-peak, which was
where the majority of the counts were recorded, making them more useful for isotope
identiﬁcation or classiﬁcation.
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4-214.7 Comparison With Traditional PVT Designs
For comparison with traditional PVT designs results were used from a previous ex-
periment conducted by M. Dallimore at Symetrica Ltd, in which the performance of
a 91cm 25cm 4cm PVT design was measured. This design was similar in dimen-
sionsasthe1mV-Plank, buthadasingle2.5"photomultipliertubeforlightcollection,
crinkled aluminium foil as surrounding reﬂector and the design did not incorporate a
taper. This design is somewhat optimistic over other designs, as although it has only
one small photomultiplier tube, the ratio of the length to the width of the detector
is quite reasonable and the length itself should not allow for much light attenuation.
The results for this detector are shown in Table 4.7 This design clearly shows the
Table 4.7: 1m Straight Plank Measured Performance
Mean LCE 2.5%
VLCE 8%
FWHM (662keV induced Compton edge) 52%
weakness of using a single small photomultiplier tube and no reﬂective coating. A
combination of reﬂective edge coatings and larger coverage by photomultiplier tubes
would bring the variation in the light collection down and increase the light collec-
tion efﬁciency dramatically. Figure 4.18 shows an example Cs-137 spectrum from the
91cm25cm4cm PVT design.
4-22Figure 4.18: An example Cs-137 spectrum from the 91cm25cm4cm PVT design.
4.8 Conclusions
In this Chapter, all three of the new PVT designs were found to perform very well
giving excellent quality spectra. The 50cm V-Plank gave the best performance due
to its much higher light collection, followed by the 1m V-Plank and lastly the 2m
X-Plank. The performance of the 1m V-Plank and 2m X-Plank was very similar, but
the higher variation in the light collection efﬁciency of the 2m X-Plank gave slightly
poorer performance. The equivalent FWHM for each design at the 662keV induced
Compton edge was 32% for the 50cm V-Plank, 33% for the 1m V-Plank and 34%
for the 2m X-Plank. Portal simulations were conducted for each design and included
a NaI(Tl) based design for comparison. The PVT based designs outperformed the
NaI(Tl) based design in terms of raw number of counts in the spectra, but the NaI(Tl)
based detector had the advantage of a high photo-fraction, with more counts placed in
photo-peaks rather than counts wasted in the Compton continuum as was present in
the spectra of the PVT based designs.
4-23Chapter 5
Spectral Processing
5.1 Introduction
In the previous chapters the physical design of PVT detectors were investigated and an
optimalsolutionforthedetectordesignwasdiscovered. Togainanyfurthersigniﬁcant
improvements in performance of the detector, or for the detector to gain the ability to
distinguish between isotopes, spectral processing was required. Various techniques
are available for processing spectra, most of which have been used with NaI(Tl) based
detectors. However, given the lack of photo peaks in the energy loss spectra from
PVT, a different approach was required. One of the more common approaches with
PVT given the current lack of resolution in mainstream devices is to section off each
part of the spectrum into a window. This technique is more commonly known as
energy windowing. Another more recent addition is the use of neural networks to
attempt to discern radioactive sources. This set of algorithms is programmed to learn
a pattern based on a number of input variables or samples. In this context a number
of sample spectra are given for the network to learn and the network can then match
a current spectrum. The ﬁnal type of spectral processing covered here is spectral
deconvolution, a process which attempts to account for the ﬂaws in a detector system
andsubsequentlyeradicatetheireffectstoproduceareconstructedmostlikelyincident
gamma-ray spectrum from an energy loss spectrum.
5-15.2 Energy Windowing
Although PVT scintillator has little useful spectroscopic capability, limited informa-
tion of incident gamma-rays are preserved in the Compton edges of resultant energy-
loss spectra. The Compton edges are relatively broad however and therefore cannot
be used to accurately determine the incident gamma-ray energy. Using broad energy
windows can give some discriminatory ability to the detector, for example, one can
check the number of counts in high or low energies and compare that to what is ex-
pected for various NORM spectra. After a primary screening alarm, one would not
expect to ﬁnd a large percentage of high energy gamma-rays from a source that the
transporters declared was medical in nature. Energy windowing can be used to check
gross energy differences without the need for high resolution. Ely et al at PNNL give
an overview of one such technique in their paper “The use of energy information in
plastic scintillator material” [Ely et al., 2008]. In this paper the authors measure fer-
tiliser and plutonium and compare them with background radiation, measuring the
gross number of counts in the spectrum for each source and the proportion of counts
in the high and low energy ranges. Figure 5.1 shows the results. The authors conclude
Figure 5.1: Ratio of low to high energy count rates for background, background plus
fertiliser, and background plus plutonium. Figure taken from [Ely et al., 2008]
that this method can give limited success, but only for isotopes that have both high and
low energy components. The majority of isotopes such as those used in the medical
industry have only low energy spectra and therefore this method would be ineffective
in distinguishing them.
5-2The number of windows used for the energy windowing method to be successful
would need to be large enough to give a wide range of energies without being un-
realistic about the resolution of the detector. Ely et al in their paper “The use of
energy windowing to discriminate SNM from NORM in radiation portal monitors”
[Ely et al., 2006] give examples of both 3 window and 5 window systems for isotope
discrimination. A small range of sources were used in these experiments, which in-
clude HEU, WGPu, fertiliser, and tile. Figure 5.2 shows the results of the 3 window
approach, whereas Figure 5.3 shows the results of the 5 window approach. The
Figure 5.2: Count rates in counts-per-second (cps) per energy window in the three
energy bins (low, medium, and high energy) for background, HEU, WGPu, fertiliser,
and tile. Figure taken from [Ely et al., 2006]
authors conclude that the 3 window system has limited success as with the simple 2
energy windows system and is not very effective at discriminating SNM from NORM.
The 5 window system provides better results, in discriminating SNM from NORM by
using a more complex set of ratios between the 5 energy windows. The authors note
than neither system successfully discriminates between other sources such as those
from the medical industry. In such methods the main principle is to compare the over-
all shape of the energy-loss spectrum to that of a typical background spectrum. As
the number of windows increases, the processing technique becomes more and more
like spectroscopy rather than a simple discrimination. Energy windowing systems can
therefore provide a relatively simple, cost effective solution for discriminating SNM
5-3Figure 5.3: The channel-by-channel ratio of the counts in a net-source spectrum to the
counts from a background spectrum for spectra from Co-57, HEU, Ba-133, WGPu,
and depleted uranium. The circled numbers are the window numbers referenced in the
text. Figure taken from [Ely et al., 2006]
from NORM, but cannot discriminate other sources from NORM.
5-45.3 Neural Networks
Artiﬁcial neural networks have also been examined as a way of discriminating be-
tween sources using existing PVT technology. This technique involves teaching a
computer system how to correctly distinguish a threatening from a non-threatening
isotope based on previous sets of accurate spectra. The system learns from samples of
threatening and non-threatening energy loss spectra by ﬁnding patterns in each data
set. Ultimately the system can analyse new spectra to determine if they fall within
these pre-deﬁned patterns and therefore if they are from threatening sources or not.
Like energy windowing, this system has the advantage of being an inexpensive add on
to existing technology. The process is also relatively fast, requiring little time during
to process each new spectrum. The disadvantages of this system are the large num-
ber of spectra required during the learning phase to construct a reliable system, an
unpredicted spectrum falling outside of the system’s patterns are therefore not being
able to identify properly, and the system’s discriminatory ability being limited by the
resolution of the PVT.
Kangas et al [Kangas et al., 2008] conducted an initial feasibility study into such a
system. The authors used simulated sample spectra during the learning phase to es-
tablish identiﬁcation of various other simulated spectra. They found that in order to
increase the chances of detecting a speciﬁc source whilst maintaining the same false
alarm rate, the system had to be provided with a minimum number of counts per spec-
trum. An example of this was with identiﬁcation of a simulated cobalt-57 spectrum.
100% identiﬁcation could be achieved in simulation with a 0.5% false alarm rate using
simulated spectra with over 1000 counts. The authors concluded that the number of
spectral samples required for the system to correctly learn were practically impossible
to attain without the help of such simulated data. Neural networks become heavily
reliant on the accuracy of the simulated model during the learning phase and also suf-
fer from the need to cover all possible shielding/masking scenarios for every radiation
source of concern. Neural networks applied to PVT scintillators is still a relatively
new area of work. Whilst some of the results presented by Kangas et al look promis-
ing, more in-depth studies are required and therefore an accurate conclusion cannot
be made on their viability at this time.
5-55.4 Spectral Deconvolution
Spectral deconvolution attempts to reverse engineer the effects of performance degra-
dation due to inherent ﬂaws in the detector system and compensate for them accord-
ingly. Using this technique on crystal scintillators such as NaI(Tl) and CsI(Tl) has
proven to be successful with a signiﬁcant increase in detector resolution. Such tech-
niques have seen the FWHM improve from 12% at 662keV in the raw spectrum of
a 3"x3" NaI(Tl) detector to 3% after software deconvolution [Meng and Ramsden,
2000]. The possibility of using deconvolution techniques for plastic scintillators was
investigated and the results were found to signiﬁcantly increase the functionality of
PVT detectors for spectroscopy. Isotope identiﬁcation techniques were also developed
to make use of the improved functionality as well as a system for classifying detected
isotopes into appropriate categories. The isotope category system is a more useful
approach to identifying any potential nuclear threat as the operator of the detector
system does not need to translate the identiﬁcation of an isotope into a corresponding
threat level. Unidentiﬁable isotopes can also be placed into relevant categories based
on similar patterns in their spectra.
The resultant energy loss spectrum produced from a gamma-ray source is the com-
position of the incident gamma-ray spectrum combined with the response function of
the detector measuring it. By calculating the response function of a detector the inci-
dent gamma-ray spectrum can be reverse engineered from the energy loss spectrum.
In order to do this the response function must be calculated for each individual detec-
tor as each detector has its own unique set of characteristics. The process of spectral
deconvolution is an advanced data-processing technique which can be executed with
either stand alone software or with the aid of dedicated hardware. A standard personal
computer is required to undertake the necessary iterative processing of raw energy loss
spectra.
5.4.1 The Models Required
The method of deconvolution employed requires a response function which is assem-
bled using Monte Carlo methods in the Geant4 simulation tool kit. Typically the
5-6response of a detector must be modelled for every single energy gamma-ray of inter-
est, in this case from 3keV to 3000keV. The model used for this work consisted of
512 ﬁles numbered from n = 1 to n = 512, each containing a normalised spectrum of
incident energy E shown in equation 5.1:
E = (n  6keV )   3keV (5.1)
This gives a maximum energy of 3069keV for the ﬁnal 512th ﬁle. This set of ﬁles rep-
resents the complete detector response for a given material at all incident gamma-ray
energies without any broadening due to detector characteristics. Typically to model
the response of a detector to each gamma-ray energy around 2 million gamma-ray
photons are ﬁred into the detector. The computation of these ﬁles can therefore take
from 24 hours to 72 hours on a standard 3.0 GHz, single core, personal computer
depending on the model being constructed. This time can however be reduced using
a modern multi-core PC, or many individual PCs, by distributing the number of ﬁles
across each processing core to simultaneously process their own range of ﬁles. Once
the raw energy ﬁles are complete they must be broadened with the detector response
function, which is determined by both simulation and by measurement, as outlined
in Chapter 3, to give a new set of ﬁles, termed a “q-matrix”. The q-matrix gives an
accurate representation of the response of the whole detector system to any incident
gamma-ray. The number of ﬁles for the q-matrix is limited to 512 to reduce the com-
putational load that the deconvolution process requires. As processing the spectrum
would need to be done in real time when used in a portal, the computational load and
therefore the time to process each spectrum must be minimised. 512 energy bins is
enough to provide an increased energy resolution for NaI(Tl) based detectors, whose
current resolution is much greater than that of PVT. Using 1024 ﬁles, the next step up
in resolution, has previously provided no additional energy resolution to NaI(Tl) based
detectors whilst signiﬁcantly increasing the computational time required for spectral
processing.
The factors required for the broadening the raw data ﬁles into q-ﬁles were outlined
in Equation 3.1 from Chapter 3. The photomultiplier noise was typically assumed to
be very low and estimated at a few photoelectrons RMS. Three or four photoelectrons
5-7were taken as the noise value, though in some simulations this number was increased
to around six photoelectrons to quantify the noise effects in an energy loss spectrum.
The variation in light yield was assumed to be negligible for PVT for the time be-
ing given the lack of deﬁnitive agreement of such effects. Both these values are used
for all range of PVT detectors using the standard 5" Adit photomultiplier tubes. The
variation in the light collection must be measured experimentally for each detector
used. This was measured by placing a collimated Cs-137 source at various locations
along the length of each detector and measuring the resulting percentage shift in the
Compton edge produced by the 662keV gamma-rays, as outlined in Chapter 4. The
overall light collection efﬁciency cannot be accurately measured from a photo peak in
PVT and is therefore estimated from optical Monte Carlo simulations. The light yield
of the PVT and collection efﬁciency of the photomultiplier tubes are given by the
manufacturers and are combined with an optical simulation of the light propagation
through the detector medium. Once all the characteristic values for the detector have
been obtained, a new table of resolution values can be created to represent the amount
of broadening that a spectrum of each energy gamma-ray would receive. These val-
ues are represented as the full width at half maximum of the expected photo-peak at
a given energy. The FWHM values are plotted with respect to the incident energy
to give a graph of how the detector’s resolution changes with incident gamma-ray
energy. The function of the graph is extracted as the detector’s response function. Sta-
tistical broadening routines are ﬁnally employed to broaden the raw energy ﬁles with
the response function to give the ﬁnal q-matrix.
5.4.2 Deconvolution Algorithm and Process
A complex analysis of the deconvolution algorithms will not be covered here as this
work has been covered in detail by Ramsden and Meng [Meng and Ramsden, 2000]
who discuss and compare in length various algorithms used for gamma-ray spectral
deconvolution. Ramsden & Meng conclude that of the algorithms they compared
the Maximum Likelihood by Expectation Maximisation (ML-EM) algorithm gave the
best overall performance on a tested NaI(Tl) detector. This conclusion was based on
the best peak resolving power, the best peak to valley ratio and the narrowest peak
widths of the resultant deconvolved spectra. Ramsden & Meng did however note at
5-8the time that some small artefacts were present in the deconvolved spectrum due to
discrepancies between the simulated and real response of the detector. Symetrica Ltd
has since built a large collection of deconvolution libraries and software based around
the ML-EM algorithm for their various crystal based scintillation detectors. A frame-
work was therefore already in place for the deconvolution of PVT spectra. Figure
5.4 shows a graphical representation of the deconvolution process used to process raw
spectra. Theprocess ofdeconvolution is iterative. To startwith an initial guess ismade
on the incident gamma-ray spectrum based on the raw peaks found in the energy loss
spectrum. In the case of plastic scintillator where there are no photo-peaks, the reso-
lution window is widened so that the algorithm looks at the sharp Compton edges as
photo-peaks. Once this initial guess at the spectrum is complete, the estimated ener-
gies are run through the q-matrix of the detector to produce a simulated energy-loss
spectrum. This simulated spectrum is compared to the energy loss spectrum for pre-
cision. A modifying function then adjusts the initial estimate to a more accurate one,
which is then in turn combined with the q-matrix and tested against the energy loss
spectrum. This process repeats until the similarity between the simulated estimate and
the real energy loss spectrum is acceptable and the difference from one estimate to
the next becomes negligible. The accuracy of the deconvolution processes’ ability to
reconstruct the energy loss spectrum is represented by the full width half maxima of
each peak produced in the deconvolved spectrum. Meng and Ramsden [MENG et al.,
2002] give a good example of spectral deconvolution on their Scintisphere, a spherical
CsI(Tl) crystal scintillator 100cc in volume. The source measured was Radium-226
and is shown in Figure 5.5. Figure 5.5 already shows good resolution due to the design
of the detector, but the positive effect of the spectral deconvolution produces an ex-
cellent result, with many spectral lines identiﬁed that were previously not resolvable.
This particular detector had a raw resolution of 7.7% at 662keV and a deconvolved
resolution of 1.4% at 662keV.
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5-10Figure 5.5: (a) The measured and (b) the deconvolved spectra using the 100 cm Scin-
tisphere and a Ra-226 point source.
5-115.5 Isotope Classiﬁcation & Identiﬁcation
The entire process of identifying an isotope using deconvolution software is outlined
as follows:
 Detector measures source radiation
 Raw spectrum compiled
 Raw spectrum deconvolved
 Deconvolved spectrum run through identiﬁcation process
 Isotope identiﬁed and classiﬁed
In order to categorise or identify an isotope, that isotope must ﬁrst be programmed
into an identiﬁcation library. This library contains the names and spectral information
of all possible isotopes of interest, and also which of the following major categories
they belong to based on their typical usage. The categories used for classiﬁcation by
the Symetrica deconvolution and identiﬁcation software are the same as those present
in the ANSI N42.38-2006 standards for spectroscopy based portal monitors [IEEE,
2006b] and are shown in Figure 5.6. Figure 5.6 also shows which isotopes belong
to which classiﬁcation. These categories can also be divided into shielded and un-
Figure 5.6: Isotope list and classiﬁcation according to the ANSI N42.38-2006 stan-
dards for spectroscopy based portal monitors.
shielded sources, producing a much larger library. Typically the identiﬁcation library
must contain entries for energies of spectral lines expected for that isotope, the inten-
sity proportion of those lines for the given isotope and the resolution of those lines in
an energy loss spectrum. This library is different for each detector as the resolution
and attenuation coefﬁcient change with detection material. An ideal isotope identi-
ﬁcation algorithm can pick out photo-peaks, measure their resolution and intensity,
5-12compare it to the identiﬁcation library and suggest possible isotopes with a certain
conﬁdence level. Multiple isotopes in a spectrum should have no bearing on each of
the isotopes’ identiﬁcation as the algorithm should be able to match each spectral line
to a range of possible isotopes. Such algorithms are very effective with high resolu-
tion detectors like HPGe based detectors and NaI(Tl) based detectors. A basic level of
identiﬁcation can be reached by sorting incident spectra into one of the above major
categories based on the number of counts in a given energy region based on a process
of elimination and likelihood. Proportions of counts appearing in certain regions of
the energy loss spectrum are common amongst many isotopes of a speciﬁc category.
Medical isotopes rarely have many counts in the high energy region of a spectrum for
example, so anything with a large proportion of counts in that area can eliminate the
possibility of a medical isotope.
For PVT based detectors the spectrum must ﬁrst be deconvolved to produce photo-
peak like lines in the processed spectrum. These peaks/lines represent the best esti-
mate of the incident spectrum and have a resolution, intensity and expected energy
similar to that of the photo-peaks of a crystal based detector. The identiﬁcation and
deconvolution algorithms used here were provided by Symetrica’s bespoke software.
In addition to the identiﬁcation libraries required, a variety of software settings were
also present. These include the minimum and maximum raw energy for deconvolu-
tion, the maximum expected resolution of each resultant peak for identiﬁcation and
the maximum accepted offset of each peak from its expected location. All these set-
tings were speciﬁcally targeted towards NaI(Tl) based detectors, and were therefore
not relevant for PVT based detectors, given their much poorer resolution. Settings
relevant to PVT based detectors were somewhat reverse engineered, starting with the
original NaI(Tl) based settings and decreasing the resolution until the system was able
to identify the spectral lines from a variety of test sources. The settings used for the
deconvolution after this point were as follows:
 Linear resolution: 4%
 Offset: +/- 8keV
 Minimum Energy: 25keV
5-13 Maximum Energy: 3000keV
These settings make allowances for both the deconvolution and isotope identiﬁcation
algorithms. The deconvolution will work from 25keV to 3000keV and the peak search
algorithm will look for peaks within 4% of a speciﬁc energy +/- 8keV. These settings
are quite broad to allow for the decrease in resolution of the detector over one based
on NaI(Tl). An isotope identiﬁcation library was also created speciﬁcally for use with
PVT based detectors, as discussed in the next subsection.
5.5.1 Isotope Library Creation
To successfully identify an isotope, a library containing all isotopes of interest was
used as a reference. This library contains the isotope name along with the expected
incident gamma-ray energies and the corresponding intensities for a given detector.
Such a library was already employed successfully for NaI(Tl) and other crystal scintil-
lator detectors, but had to be recalculated for use with PVT given its poorer resolution
and differing interaction processes. To complete this task a program was written in
C++ to automatically transmute commonly available, high resolution isotope gamma-
ray libraries into suitably broadened ﬁles for use with PVT detectors. This program
worked by merging incident energies or spectral lines that would normally be present
with high efﬁciency detectors such as high purity germanium. It completes this pro-
cess according to speciﬁc detector attributes and settings that must be supplied to the
program. The program initially loads a list of gamma ray line energies and intensities
from an isotope ﬁle and weighs the line intensities with the corresponding detector
efﬁciency at that energy. The program then simulates a Gaussian broadening of each
line energy according to the detector resolution at that energy. This resolution is taken
from the q-matrix calculated earlier for that detector. If any spectral lines are unre-
solvable after broadening, then the lines are combined according to their respective
intensities. Weak lines with less than 1% intensity are also removed as they do not
appear in the subsequent energy loss spectra. The line combination process is itera-
tive, with priority always given to the two closest lines in a given spectrum for each
iteration. In this manner several spectral lines in the same energy region can be com-
bined accurately. The program also compensates for the Compton scattering process
by accounting for Compton edges that will appear at energies in the same region that
5-14low energy photo-peaks might appear. It is able to predict the merging of low energy
photo-peaks with that of a similar energy Compton edge produced from a higher en-
ergy gamma-ray. The whole process results in a reduced isotope library relevant for
PVT takinginto account both itspoorer resolution andthe merging of photo-peaksand
Compton edges. Weak intensity spectral lines or lines that are out of the energy range
of the detector that will not appear in the spectrum are also removed from the library.
The program does not however predict the existence of phantom peaks (described in
Chapter 6) within the spectra, this is done manually and added with a ﬂag in the library
to allow the user to see that the peak should not exist at that energy for the isotope be-
ing measured. An example of the isotope Cs-137 is used to demonstrate the creation
procedure, with the initial data from the Berkley laboratory Isotopes Project library
[Firestone1 and Ekstrm, 2004]. Table 5.1 shows the data for X-rays and gamma-rays.
Table 5.2 shows the library entry after the program has merged and removed the nec-
essary spectral lines.
5-15Table 5.1: Spectral energies of X-rays and gamma-rays emitted by Cs-137. Taken
from Berkley laboratory isotopes project library.
Energy (keV) Intensity
3.95 0.0143%
4.33 0.0064%
4.45 0.040%
4.47 0.36%
4.83 0.226%
4.85 0.023%
4.93 0.039%
4.99 0.0030%
5.16 0.074%
5.53 0.033%
5.8 0.0065%
5.81 0.0093%
31.45 0.000263%
31.82 2.04%
32.19 3.76%
36.3 0.352%
36.38 0.680%
36.65 0.0079%
37.26 0.215%
37.35 0.0481%
283.53 0.001%
661.66 85.100%
5-16Table 5.2: Spectral energies of X-rays and gamma-rays emitted by Cs-137. Adjusted
for identiﬁcation with plastic scintillator based detector.
Energy (keV) Intensity
661.66 85.1%
32.0615 5.8%
5-17The library creating process removes all the lines with less than 1%, leaving the
lines at 31.82keV, 32.19keV and 661.66keV. The 31.82keV and 32.19keV lines are
combined according to their intensities as they are unresolvable on their own. This
leaves the 662keV and 32keV lines present in the adjusted library.
5.6 Conclusions
In this Chapter spectral processing techniques were reviewed and the deconvolution
process discussed. The creation process of an isotope library was also presented with
values for the identiﬁcation algorithms speciﬁc to PVT based scintillators. It was
shown that although some success has been made using basic energy windowing tech-
niques with PVT, the process can only distinguish NORM from SNM and not identify
any other radioactive material. This is due to the majority of radioactive sources of
interest having spectral lines in regions that are similar to that of NORM, and with
no further resolution to separate these lines identiﬁcation cannot be made. The use
of artiﬁcial neural networks looks to be restricted by the same factors as energy win-
dowing, but this is still a work in progress and needs more research before a proper
conclusion can be made. Spectral deconvolution has been proven with NaI(Tl) based
scintillators to drastically improve the resolution of a detector, and therefore this tech-
nique has been optimised for use with PVT based detectors. Settings were optimised
and an isotope identiﬁcation library created based on the limited resolution of PVT.
In the following Chapter the results of the deconvolution of various isotopes for each
detector design are presented along with an analysis of the detector performance.
5-185-19Chapter 6
Spectrometry with PVT
6.1 Introduction
Having investigated spectral processing techniques and the optimisation of PVT scin-
tillators, in this Chapter spectroscopy is investigated with PVT using Symetrica’s
spectral deconvolution software. Each of the detector designs previously outlined are
tested with a variety of radioactive sources. Complex and simple radioactive sources
such as Eu-152 and Na-22 are measured, deconvolved and identiﬁed. A dependence
of the identiﬁcation ability on the minimum number of counts in a raw energy loss
spectrum is established and investigated for Eu-152 and Na-22 sources. The factors
which affect the ability to correctly identify these two sources are shown with the
prime cause given. An overview is also given on the detection of neutron sources and
the possibility of differentiating neutrons from gamma-rays using PVT detectors.
6.1.1 Sources Measured
The radioactive sources measured were those that were available at both the Univer-
sity of Southampton and at Symetrica Ltd’s laboratory. They represent a range of
gamma-ray energies from sources across the board of isotope classiﬁcation; Medical,
Industrial, NORM and daughter products from Special Nuclear Materials. Table 6.1
shows a list of the isotopes measured along with their most dominant gamma-ray/X-
ray spectral lines as would be found using a NaI(Tl) based detector. All sources used
for testing were below 10Ci in activity.
6-1Table 6.1: List of Sources Measured with their Line Energies.
Source Line Energies (keV)
Am-241 59
Ba-133 53, 80, 276, 302, 356, 384
Co-57 122, 136
Co-60 1173, 1333
Cs-137 32, 662
Eu-152 40, 122, 244, 345, 779, 964, 1100, 1408
Na-22 511, 1275
Ra-226 (1) 47, 76, 88, 186, 242, 295, 352, 511
Ra-226 (2) 609, 772, 934, 1152, 1389, 1759, 2204
6.2 The Phantom Peak
During the deconvolution of spectra from PVT based detectors, a curious phenomenon
was noted due to the changing of dominant radiation interaction mechanisms with the
PVT. At lower gamma-ray energies and X-ray energies of up to around 20keV, the
dominant interaction process for electromagnetic radiation interacting with PVT is the
photo-electric effect. X-rays and gamma-rays up to this energy produce photo-peaks
in the energy loss spectrum if the threshold is set low enough. Above this energy, the
dominant interaction mechanism shifts to Compton scattering. However, the Compton
edge associated with gamma-rays up to around 80keV will not be seen in most of these
spectra, as the Compton edges appear below 20keV in the energy loss spectra. This
means that isotopes with emissions of up to around 70keV will give photo-peaks in
the spectrum and no Compton edge. Emissions of around 80keV will give no entries
in the spectrum at all as the photo-peak is too weak in intensity and the Compton edge
is too low in energy for them to register. A problem occurs around these energies due
to the sharper Compton edges of optimised PVT detectors. That is, there exists a re-
gion where a higher energy Compton edge looks similar in shape and is located in the
same channel as a lower energy photo-peak. This can be seen in Eu-152 spectra and is
illustrated in Figure 6.1 where a simulated 122keV gamma-ray produces a Compton
6-2edge roughly in the same place as a 40keV photo-peak. Because the Compton edge
looks remarkably like a photo-peak, isotope identiﬁcation systems can have trouble
distinguishing the two. This is exactly the case with deconvolution of energy loss
Figure 6.1: A Simulation showing a 40keV X-Ray photo-peak covered by a 122keV
Gamma-ray Compton edge. This occurs in Eu-152 Spectra.
spectra. A 40keV gamma-ray or X-ray can produce a peak at around 120keV in the
deconvolved spectrum as the software mistakes the 40keV photo-peak for a 120keV
gamma-ray which would produce a Compton edge at 40keV. This Compton edge of
course does not exist and therefore the peak present in the deconvolved spectrum is
termed a “Phantom Peak” for quick reference to this phenomenon. The energy of a
potential phantom peak can be calculated as the inverse Compton scatter of the photo-
peak that would cause it. Phantom peaks can appear in the PVT spectrum at anywhere
from 100keV to 150keV. This represents photo-peaks from around 25keV to 50keV.
The 60keV photo-peak from Am-241 does not produce a phantom peak if the lower
energy threshold of the detector is set low enough. Phantom peaks can also occur
at slightly higher energies if a partial photo-peak is present. Setting the low energy
threshold at 35keV for example will enable the higher energy part of a broadened
30keV photo-peak to exist in the spectrum and produce a phantom peak at various en-
ergies due to the software’s in ability to predict accurately where this entry came from.
6-3Many of the following spectra presented were taken before this information was de-
ciphered and therefore phantom peaks appear in some of the initial spectra before
the problem was addressed. Phantom peaks can be compensated for by adding their
entries into the isotope library with a special tag alerting the operator that the peak
produced does not really exist and to ignore it when trying to identify the isotope.
6.3 Spectral Deconvolution of 50cm V-Plank
Symetrica’s propriety deconvolution software required the construction of a computer
generated q-matrix as outlined in Chapter 5. This model was constructed for the
small 50cm V-Plank using Geant4 Monte Carlo simulations. Once the model was
constructed, the q-matrix was loaded into the software and deconvolution of the raw
spectra was given as one of the resulting output ﬁles. For these measurements the
50cm V-Plank was operated at the same settings as described in Chapter 4 for the ini-
tial spectra. The photomultiplier tube voltage was set to 940V and a Na-22 spectrum
was ﬁrst taken as a reference for the calibration. Background spectra were also taken
for the same duration of time that each spectrum was taken for. These background
spectra were then subtracted before the deconvolution process. The deconvolution
software settings were set to a linear resolution limit of 4% +/-8keV for identiﬁcation
of a spectral line.
6.3.1 Resulting Spectra
A variety of spectra were taken using the 50cm V-Plank and subsequently decon-
volved. Initially the sources were each placed around 15cm above the centre of the
detectorforﬂoodilluminationandspectratakenfor60seconds. Thespectraareshown
in the following ﬁgures. The ﬁrst spectrum is of Na-22 shown in Figure 6.2. This ﬁg-
ure shows excellent clarity, the two Compton edges have been deconvolved into what
look like two photo-peaks at the correct spectral energies. The deconvolution process
has also added some counts towards the lower end of the spectrum, these are assumed
to be from a small amount of back scatter. Figure 6.3 shows a deconvolved Cs-137
spectrum. The spectrum shows a clear peak at the correct energy of 662keV. A small
number of counts are again shown at the lower end of the spectrum, these counts are
6-4Figure 6.2: A Deconvolved Na-22 Spectrum from the 50cm V-Plank
consistent with back scatter as the energy is too high for the 32keV X-ray. Figure
Figure 6.3: A Deconvolved Cs-137 Spectrum from the 50cm V-Plank
6.4 shows a deconvolved Am-241 spectrum. This spectrum is the ﬁrst example of
a phantom peak. In this case the photo-peak produced by the 60keV gamma-ray is
mistaken as a Compton edge from a much higher energy. This occurred because the
low energy threshold was set too high and can be avoided by ﬁne tuning this setting
and some of the deconvolution and calibration settings as evident in the next section,
where the Am-241 spectrum is successfully deconvolved on the 1m V-Plank using
6-5updated software. Figure 6.5 shows a deconvolved Ba-133 spectrum. This spectrum
Figure 6.4: A Deconvolved Am-241 Spectrum from the 50cm V-Plank
shows only two peaks present for Barium-133 as the others were unresolvable given
the PVT’s limited resolution. The 356keV peak is easily identiﬁable. The 80keV peak
however is not, and appears as a Compton edge at around 20keV, which therefore will
not show up in the spectrum as the deconvolution lower limit was set to 35keV. There
is however a strong collection of 31keV X-rays which would produce a photo-peak.
These X-rays would produce a phantom peak at 105keV. Although 31keV is slightly
below the threshold, the uppermost edge of the photo-peak would still be present in
the spectrum and therefore causes the phantom peak to appear. Figure 6.6 shows a
deconvolved Co-57 spectrum. Along with Am-241, Co-57 proved one of the more
difﬁcult isotopes to successfully deconvolve. Co-57 produces only one gamma-ray
resolvable by PVT which is detected at 122keV. The Compton edge for this energy
occurs at around 40keV and can therefore become confused with a photo-peak at a
similar energy. As was the case with Am-241, a ﬁnely tuned range of settings ensures
that this spectrum deconvolves properly each time. Figure 6.7 shows a deconvolved
Co-60 spectrum. This spectrum is perhaps one of the most impressive showing two
very clear, well deﬁned peaks at the correct spectral energy. Some back scatter can
be seen at the lower end of the energy scale. Figure 6.8 shows a deconvolved Ra-
226 spectrum. The Radium-226 spectrum could sometimes prove a relatively difﬁcult
6-6Figure 6.5: A Deconvolved Ba-133 Spectrum from the 50cm V-Plank
spectrum to identify. This is not due to the issues experienced with low energy spectra
however, but more due to the sheer complexity of the spectrum. A number of closely
spaced spectral lines mean that only some of the gamma-rays can be identiﬁed, though
only a small number are required for positive identiﬁcation. The ﬁnal spectrum mea-
sured was Eu-152, shown in Figure 6.9. This is a well deﬁned spectrum, showing
nearly all the same peaks as a raw NaI(Tl) detector shows. The only problem with
the Eu-152 spectrum is that the 122keV Compton edge appears exactly in the same
channel as the 40keV photo-peak. In this rare case, the phantom peak induced by
the 40keV X-ray is in the location of an existent gamma-ray Compton edge. This can
cause confusion in the deconvolution process which often places all the counts in ei-
ther the 40keV bin or the 122keV bin, but rarely in both, although this is not a problem
for identifying Eu-152. Some success has been made by ﬁne tuning the software to
place at least some of the counts in both spectral lines, though the correct intensity for
each is very difﬁcult to achieve.
6-7Figure 6.6: A Deconvolved Co-57 Spectrum from the 50cm V-Plank
Figure 6.7: A Deconvolved Co-60 Spectrum from the 50cm V-Plank
6-8Figure 6.8: A Deconvolved Ra-226 Spectrum from the 50cm V-Plank
Figure 6.9: A Deconvolved Eu-152 Spectrum from the 50cm V-Plank
6-96.3.2 Reﬁned Energy Calibration with Plastic Scintillators
The calibration of the detector can be ﬁne tuned by deconvolving a spectrum and using
the resulting peaks in the deconvolved spectrum to shift the gain of the system until
these peaks match their correct energies. Whilst this procedure is not recommended
for general use and was therefore not incorporated in the ﬁnal software developed
for PVT based detectors, it can be useful for determining why a particular calibration
routine might not be working correctly during development. This technique was tem-
porarily employed to slightly reﬁne the calibration technique, as matching a Geant4
simulated spectrum to a measured one can produced a slight offset if the emphasis is
not placed on the negative gradient of the Compton edge itself and not the preced-
ing Compton continuum. This offset can be responsible for misidentifying isotopes,
especially at lower energies where the calibration is most sensitive.
6.4 Large Area Detectors
For the two large area detectors similar procedures were used to deconvolve various
spectra as were used with the 50cm V-Plank. Given the large detectors’ slightly lower
light collection, different q-matrices were used for each detector accordingly. Both of
these detectors were placed horizontally above the ground at a height of around 60cm,
suspended between two stands. Previous measurements have shown that given the
coverage area of these detectors, they are both susceptible to a high amount of back
scatter. The sources were placed around 40cm above the centre of each detector for
the measurements. A weak Th-232 source became available at the time of testing the
large detectors and spectra for this source are provided in the following sections. This
source was in the form of thoriated welding rods containing 2% thorium oxide and
required around 300 seconds of acquisition time to generate a useful spectrum given
their relatively low activity.
6.4.1 2m X-Plank
The 2m X-Plank has the slightly lower clarity of the two larger detectors with 3%
variance in the light collection efﬁciency. It also produces a lower number of counts
for any given acquisition time as its volume is more spread out. The ﬁrst spectrum
6-10displayed is Na-22 shown in Figure 6.10. This ﬁgure shows good clarity of the Comp-
ton edges and subsequent peaks from deconvolution. Some back scatter can be seen at
lower energies, this is a common occurrence with large area detectors in this conﬁgu-
ration. Cs-137 is the next spectrum shown in Figure 6.11. The Cs-137 spectrum again
Figure 6.10: A Deconvolved Na-22 Spectrum from the 2m X-Plank
shows a good quality peak from the deconvolution. This spectrum however shows
two peaks from the back scatter. This could simply be how the deconvolution algo-
rithm is interpreting the back scatter, or the 32keV X-ray could be producing a partial
photo-peak at low energies which is being misinterpreted as a higher energy Compton
edge. The low level cut off energy for this spectrum is 35keV, so it is possible that
part of a 32keV photo-peak is producing a shifted phantom peak in the deconvolved
spectrum. Figure 6.12 shows a deconvolved Am-241 spectrum. In this spectrum the
60keV photo-peak is easily observable and the deconvolution algorithm has no prob-
lem interpreting its correct energy. A high intensity peak is created at 60keV giving
a positive identiﬁcation for Am-241. The ability to identify this spectrum has come
from tweaking the calibration, lowering the low energy threshold and lowering the
minimum energy for deconvolution. This results in a higher dead time but the price of
this is insigniﬁcant in relation to positively identifying low energy dominated spectra.
Note that some counts are still placed in a phantom peak, but this is much lower than
observed in the 50cm V-Plank and is insigniﬁcant when compared to the intensity of
the photo-peak in the spectrum. The Ba-133 spectrum shown in Figure 6.13 is similar
6-11Figure 6.11: A Deconvolved Cs-137 Spectrum from the 2m X-Plank
to the 50cm V-Plank with the 356keV peak from the PVT library identifying correctly.
The 31keV peak this time gets allocated to a phantom peak at around 120keV, which
is more representative of the predicted confusion between a photo-peak and Compton
edge. A deconvolved Co-57 spectrum is shown in Figure 6.14. This spectrum shows
a good peak located at the correct energy of 120keV. The Co-60 spectrum in Figure
6.15 shows two clear deconvolved peaks both in the correct location. The clarity is
slightly below that of the 50cm V-Plank, but easily good enough for a positive identi-
ﬁcation. Some back scatter from both incident energies is apparent at lower energies.
The Ra-226 spectrum in Figure 6.16 shows a good match for 7 of the spectral lines,
giving a positive identiﬁcation. The quality is similar to that of the 50cm V-Plank.
A deconvolved Eu-152 spectrum is shown in Figure 6.17. This ﬁgure is similar in
quality to that of the 50cm V-Plank. Seven spectral lines are identiﬁed with the 40keV
line missing due to combination with the 122keV induced Compton edge. The ﬁnal
spectrum shown for the 2m X-Plank is the Th-232 spectrum in Figure 6.18. The raw
spectrum is of relatively low quality but eight peaks are identiﬁed in the deconvolved
spectrum making a positive identiﬁcation. In this spectrum the gain was not adjusted
to cope for the high energy 2.6MeV line and its broad Compton edge. This accounts
for the unrealistically sharp deconvolved peak found 70keV off target for this line. In
subsequent spectra, the gain was reduced to allow for the full scope of the Compton
6-12Figure 6.12: A Deconvolved Am-241 Spectrum from the 2m X-Plank
edge from this energy gamma-ray.
6-13Figure 6.13: A Deconvolved Ba-133 Spectrum from the 2m X-Plank
Figure 6.14: A Deconvolved Co-57 Spectrum from the 2m X-Plank
6-14Figure 6.15: A Deconvolved Co-60 Spectrum from the 2m X-Plank
Figure 6.16: A Deconvolved Ra-226 Spectrum from the 2m X-Plank
6-15Figure 6.17: A Deconvolved Eu-152 Spectrum from the 2m X-Plank
Figure 6.18: A Deconvolved Th-232 Spectrum from the 2m X-Plank
6-166.4.2 1m V-Plank
The 1m V-Plank produced some of the best quality spectra, partly due to its slightly
better performance than the 2m X-Plank, but largely due to the software, which was
further optimised when it came to testing this design. Each spectrum was produced
by placing the source around 40cm above the detector. The detector was suspended
horizontally around 60cm above the ﬂoor. Figure 6.19 shows the ﬁrst spectrum,
a deconvolved Na-22 spectrum. The ﬁgure shows excellent Compton edge clarity
and therefore good deconvolved peaks at the correct locations. Some back scatter is
present at low energies in this spectrum. The Cs-137 spectrum in Figure 6.20 is simi-
Figure 6.19: A Deconvolved Na-22 Spectrum from the 1m V-Plank
lar to the Na-22 spectrum in that it too has excellent clarity in both the raw Compton
edge and deconvolved peak. The Am-241 spectrum shown in Figure 6.21 shows a
well deﬁned raw photo-peak and subsequent deconvolved peak at the correct loca-
tion. This time the deconvolution process has assigned counts to a more localised
region at higher energies. This energy again represents what would be a higher en-
ergy incident gamma-ray scattering to produce a Compton edge at 60keV. The Ba-133
spectrum shown in Figure 6.22 again shows trouble with the 31keV X-ray. This time
the deconvolution threshold is lowered, allowing the majority of the photo-peak in the
spectrum. The line is interpreted closer to a 105keV induced Compton edge at around
6-17Figure 6.20: A Deconvolved Cs-137 Spectrum from the 1m V-Plank
110keV, which conﬁrms the theory that this line is in fact a 31keV photo-peak induc-
ing a 105keV phantom peak in the spectrum. The 356keV peak however is identiﬁed
without a problem. The Co-57 spectrum shown in Figure 6.23 is similar to the other
Co-57 spectra, and causes no problems in identiﬁcation. Figure 6.24 shows the Co-
60 spectrum, which is again lower in quality than the 50cm V-plank but still easily
identiﬁable. Some back scatter from both gamma-rays can be seen at lower energies.
Radium-226 is shown in Figure 6.25. Some of these lines are slightly out of the range
of the identiﬁcation algorithm’s limits, meaning that only 6 of the shown peaks are
registered. This is still more than enough to identify Ra-226. The Eu-152 spectrum in
Figure 6.26 ﬁnally shows counts in all eight of the resolvable peaks. Some counts are
placed in the 40keV energy bin from the 122keV bin. All lines are within the limits
of their location variation and contribute to a positive identiﬁcation. Figure 6.27 is the
ﬁnal spectrum showing Thorium-232. This spectrum shows a much better 2615keV
peak than the 2m X-Plank as the gain is reduced to account for this energy. Seven
peaks are used in total to positively identify this isotope.
6-18Figure 6.21: A Deconvolved Am-241 Spectrum from the 1m V-Plank
Figure 6.22: A Deconvolved Ba-133 Spectrum from the 1m V-Plank
6-19Figure 6.23: A Deconvolved Co-57 Spectrum from the 1m V-Plank
Figure 6.24: A Deconvolved Co-60 Spectrum from the 1m V-Plank
6-20Figure 6.25: A Deconvolved Ra-226 Spectrum from the 1m V-Plank
Figure 6.26: A Deconvolved Eu-152 Spectrum from the 1m V-Plank
6-21Figure 6.27: A Deconvolved Th-232 Spectrum from the 1m V-Plank
6-226.5 Deconvolved Resolution
To evaluate the deconvolved performance of each detector design, the deconvolved
resolution of each detector was determined at the 662keV. To measure the FWHM,
a Gaussian function was generated with mean value equal to that of the location of
each of the 662keV deconvolved peak. The standard deviation in the mean was then
altered manually until the difference between the data and the model was minimal.
Figure 6.28 shows the Gaussian ﬁtting process to a 662keV induced Compton edge
from the 50cm V-Plank. Table 6.2 shows the results of all the detector designs. The
Figure 6.28: The Gaussian ﬁtting process of a deconvolved 662keV peak from the
50cm V-Plank.
Table 6.2: Deconvolved FWHM of each detector design at 662keV
Detector Deconvolved FWHM @ 662keV
2m X-Plank 6 +/- 0.5%
1m V-Plank 6 +/- 0.5%
50cm V-Plank 5 +/- 0.5%
6-2350cm V-Plank shows a slight increase in resolution over the two larger PVT designs,
this is expected due to its better light collection efﬁciency. The two larger designs
show little difference in performance after deconvolution at 662keV. The 2m X-Plank
was expected to be slightly worse in resolution than the other two designs due to its
increased variation in the light collection.
6.6 System Testing
To investigate the quality of the spectra produced by these new PVT designs, an ex-
periment was designed to observe how the number of counts in a spectrum affects the
performance of the identiﬁcation software and the quality of the acquired spectra. The
50cm V-Plank was used for this experiment as it had the best resolution of the three
detectors. The investigation gives insight into the minimum number of counts required
in an energy loss spectrum to correctly identify the corresponding radioactive isotope.
As the radioactive decay process is a series of randomly occurring events, the spectra
are subject to a statistical error equal to the square root of the total number of counts.
As the number of counts per spectrum is increased, the statistical error decreases and
the quality of the spectra increase.
At a low total number of counts per spectrum the Compton edge locations in the
spectrum can vary signiﬁcantly and the spectral quality is often poor. The Compton
edges become increasingly resolved and appear more reliably in one location as the
number of counts is increased. This is directly translated into the quality of the de-
convolved spectra. For this reason a higher number of counts per spectrum lead to an
increased chance of correct identiﬁcation. The standard deviation in the deconvolved
peak locations for a speciﬁc isotope can be used as an indicator of the ability of the
isotope identiﬁcation software to assign an appropriate incident gamma-ray energy
for that isotope. The isotope identiﬁcation software was designed by Symetrica to
include a conﬁdence rating for each identiﬁcation, giving an indication of how certain
the software is that the isotope is present. This rating was used to determine a correct
identiﬁcation. The conﬁdence function can list many possible isotopes as candidates
for identiﬁcation, only the top of the conﬁdence list was considered to be the correct
6-24isotope.
The experiment composed of taking numerous sets of 25 spectra from both complex
and simple isotopes. For the simple spectra, the isotope Sodium-22 with 2 clearly
identiﬁable Compton edges was chosen. For the more complex spectra, Europium-
152 was chosen. Each set of spectra had an assigned acquisition time starting from 64
seconds for Eu-152 and 32 seconds for Na-22 and halving in a binary fashion until the
time reached 0.5 seconds. The location of the test source remained constant at a dis-
tance of 50cm above the centre of the detector. The number of counts in each spectrum
therefore halved for each time acquisition, starting from 174,000 counts and ﬁnishing
at 1400 counts per spectrum for Eu-152 and 124,000 to 2000 counts for Na-22. This
gave 200 spectra for Eu-152 and 175 spectra for Na-22; each set corresponding to a
number of counts per spectrum. The spectra were acquired using the 50cm V-Plank
connected to an Ortec digiBASE. The digiBASE was then attached to a PC running
Maestro-32 multi channel analyser emulation software. The Maestro-32 job function
was used to automatically acquire spectra which were then in turn manually exported
into a text format and processed with Symetrica’s deconvolution software. The pro-
cessed spectra were individually analysed manually to determine the locations of the
resulting Compton edges.
6.6.1 Na-22 Results
350 spectral lines were analysed in total for Na-22. Figure 6.29 shows the standard
deviation in the location of the spectral lines with respect to the number of counts
in the spectrum. The standard deviation in both of the spectral line locations starts
relatively high at 10.70 for the 1275keV line and 5.39 for the 511keV line. Both
values decrease rapidly with an increase in the number counts in each spectrum. At
just under 20,000 counts the decrease becomes more gradual. At 124,000 counts the
standard deviation for the 511keV edge reaches zero and the standard deviation for
the 1275keV line reaches 1.55. However, the mean locations for the spectral lines
at this point are 499keV and 1257keV respectively. This shows that the calibration
was slightly inaccurate and is an important factor in correct spectral line identiﬁca-
tion, only becoming apparent at a relatively high number of counts per spectrum. A
6-25Figure 6.29: The standard deviation in the mean of the deconvolved peak locations for
Na-22 as a function of the number of counts in each spectrum.
slight increase in the magnitude of the calibration equation would enable both edges
to appear at their correct locations. The accuracy of the calibration equation used can
be improved by using a longer calibration acquisition time.
Na-22 spectra are readily identiﬁable using the 50cm V-Plank, with only 4 misiden-
tiﬁed spectral lines throughout the whole experiment. For 2000 and 4000 counts per
spectrum there were 3 spectral lines identiﬁed but not assigned to Na-22 and 1 spectral
line that was present but not found by the peak search algorithm due to poor resolu-
tion. Na-22 was correctly identiﬁed 96% of the time even at the lowest number of
counts. At 7900 counts and above, all spectral lines were identiﬁed correctly and
100% correct isotope identiﬁcation was reached for these trials. Figure 6.30 shows a
graph of the percentage of correct isotope identiﬁcations as a function of the number
of counts in each spectrum. The increase in the performance of the identiﬁcation of
Na-22 with respect to Eu-152 can be attributed to 2 main factors. The ﬁrst is that the
number of counts in each spectrum is allocated to only 2 Compton edges instead of 7
and therefore has a higher number of counts in each spectral line after processing. The
second factor is that the two spectral lines are located at a signiﬁcant distance from
each other which prevents them from interfering. The quality of the spectra in terms
of the standard deviation of the location of the spectral lines are good at a minimum
of 7900 counts. The identiﬁcation process reaches an optimal level at 7900 counts.
6-26Figure 6.30: The percentage of correct isotope identiﬁcations as a function of the
number of counts in each Na-22 spectrum.
6.6.2 Eu-152 Results
A maximum of 7 spectral lines are typically resolvable using the V-Plank with decon-
volution software. These spectral lines are present at the following energies: 122keV;
245keV; 344keV; 779keV; 964keV; 1100keV and 1408keV. The location of each of
these spectral lines was recorded and the standard deviation in their locations were
calculated for each data set. For this set of data, each spectral line was placed into an
identiﬁcation category to establish the major causes of a subsequent isotope misiden-
tiﬁcation. These categories were as follows:
 Correctly Identiﬁed: The spectral line was resolved, detected by the peak search
algorithm and correctly assigned to Eu-152
 Found but not associated with Eu-152: The spectral line was resolved and found
by the peak search algorithm but not attributed to Eu-152
 Found At Wrong Energy: The spectral line was found and associated with the
correct isotope but at an energy so far removed from the actual energy that they
were mistaken for the next peak in the spectrum.
 Present But Not Found: The spectral line was resolved to the human eye but not
found by the peak search algorithm and hence not attributed to any isotope
6-27 Not Present: The spectral line was unresolved.
Maestro-32 software job functions were used to acquire the spectra automatically for
the given acquisition times. The job function was also programmed to strip each
spectrum of a pre-recorded background radiation spectrum. Once the calibration was
determined, the job function was used to apply the calibration to each spectrum and
export the data into text format for deconvolution. The deconvolved data was then
analysed manually; the spectral line locations and their standard deviation were cal-
culated and each spectral line was assigned an identiﬁcation category. A total of 1400
spectral lines were analysed for the Eu-152 tests. The standard deviations of the spec-
tral line locations are shown in Figure 6.31. At 1400 and 2700 counts the standard
Figure 6.31: The standard deviation in the mean of the deconvolved peak locations for
Eu-152 as a function of the number of counts in each of the raw spectra.
deviation is relatively high for all spectral lines in Eu-152, especially the 964keV line
which had a maximum value of 63.75keV. More isolated spectral lines such as the
122keV line had a much lower standard deviation starting at a value of 3.44keV. As
the number of counts increased the standard deviation dropped in all of the spectral
lines and the ﬂuctuation in the values decreased. At 20,000 counts and over, the ex-
tent of the decrease was signiﬁcantly lessened. After this point the standard deviation
fell very gradually as the counts increased. How the identiﬁcation categories were
affected with the number of counts in each spectrum is shown in Figure 6.32. The
number of correct spectral line identiﬁcations increased at a similar rate as the stan-
6-28Figure 6.32: Percentage of spectral lines categorised into reasons for line misidentiﬁ-
cation as a function of the number of counts in each spectrum.
dard deviation decreased. At 1400 counts the number of correct identiﬁcations was
around 65%, increasing to 91% at 20,000 counts and peaking at 96%. The number of
correct line identiﬁcations never reached 100% because the 964keV line was not al-
ways resolved. The major cause of misidentiﬁcation was the presence of spectral lines
that were resolved and found by the peak search algorithm but not associated with Eu-
152becausetheirlocationswerenotwithinthelimitsdeﬁnedforcorrectidentiﬁcation.
The minimum number of correct isotope identiﬁcations was 65% at 1400 counts. Cor-
rect isotope identiﬁcation rose with the number of counts until 22,000 counts were
reached, at this point the number of correct isotope identiﬁcations did not fall below
100% for these trials. At a low number of counts per spectrum the number of correctly
identiﬁed spectra was in direct relation to the number of spectral lines correctly iden-
tiﬁed. Figure 6.33 shows a graph of the percentage of correct isotope identiﬁcations
as a function of the number of counts in each spectrum. The quality of the spectra in
terms of the standard deviation of the location of the spectral lines reaches an optimal
level at a minimum of 22,000 counts. The quality of the identiﬁcation process also
reaches an optimal level at 22,000 counts, though there is possibility of improvement
with adjustments to the identiﬁcation software.
6-29Figure 6.33: The percentage of correct isotope identiﬁcations as a function of the
number of counts in each Eu-152 spectrum.
6.7 Neutron Detection
The ability to detect neutrons is extremely advantageous in the detection of radioactive
isotopes such as those of plutonium and uranium, given the ﬁssile nature of such ma-
terials. In contrast to gamma-ray radiation, a presence of neutron radiation will more
likely indicate a prohibited material given that industrial and medical applications
rarely have use for neutron emitting isotopes. Neutrons are also largely unaffected by
the standard shielding or casing used to attenuate gamma-ray emissions, giving a sec-
ond set of search criteria if the cargo being scanned is suspected as heavily shielded.
6.7.1 Physical Processes
Fast neutrons are usually detected by dedicated neutron counters such as moderated
helium-3 based counters and lithium glass scintillators via the 3He(n,p) and 6Li(n,)
reactions respectively. PVT based detectors can be used as proton recoil scintilla-
tors in order to detect fast Neutrons directly [Knoll, 1989]. Fast neutrons interact
with PVT by elastically scattering off the hydrogen nuclei present in the hydro-carbon
composition. The elastic scattering of neutrons with hydrogen nuclei produces a free
proton which in turn creates a scintillation pulse much like the resultant electron from
a Compton scattered gamma-ray interaction. The energy distribution of the resulting
protons range from zero to the full energy of the incident neutron, making the distri-
6-30bution approximately rectangular in shape for a mono-energetic neutron source. This
creates a problem with any potential identiﬁcation of the source of incident neutrons
given the lack of speciﬁc peaks in subsequent energy loss spectra. The scintillation
light produced from scattered protons is also not as bright as that produced by elec-
trons from a Compton scattered gamma-ray interaction. Chiang & Oberer [Chiang
and Oberer, 2000] explain this as the increased stopping power of the proton over the
electron. The protons deposit energy more densely than electrons and are therefore
more susceptible to quenching. To decipher the source of neutron radiation, a dedi-
cated neutron spectrometer would need to be employed. A PVT detector can however
still be used to detect neutrons, even if the source cannot be identiﬁed, the ability to
distinguish neutrons from gamma-rays without any extra equipment would be hugely
beneﬁcial. The large areas of PVT used for scanning cargo at customs and borders
would give a much larger probability of detecting neutrons than the smaller, more ac-
curate neutron spectrometers. The cross section for fast neutrons with a few MeV of
energy interacting with hydrogen nuclei in PVT is roughly 1 - 4 barns [McLane et al.,
1988] whereas for helium counters it ranges from approximately 1 - 7 barns [Bashkin
et al., 1951] and for lithium glass the cross section is around 2 - 5 barns [Knoll, 1989].
All of these cross sections are dependent on the incident neutron energy, though often
in a non-linear fashion. The cross sections for helium-3 counters and lithium glass
counters are often greatly increased by the addition of a polyethylene spherical mod-
erator to thermalise the neutrons, increasing their cross sections to around 5330 barns
and 940 barns respectively [Knoll, 1989]. The cross section for detecting neutrons
with PVT can also be greatly increased by adding a small amount of boron to the plas-
tic. Concentrations of 1% - 5% natural boron are common place for neutron detection.
The principle reaction for boron loaded PVT with neutrons is shown in equation (6.1).
10B + n !  +
7 Li (6.1)
The boron captures a thermal neutron and converts to an alpha particle and lithium-7
particle. The energy of the reaction is kinematic and shared equally between the two
resulting particles. Given that the reaction relies on the neutrons being in the thermal
region of the energy spectrum, fast neutrons must be thermalised before the boron re-
action can take place. Table 6.3 shows some properties of boron loaded scintillators:
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Table 6.3: Properties of boron loaded scintillators
Boron Load 5% 2.5% 1%
Light Output (% Anthracene) 48 56 60
Scint. Efﬁciency (photons/MeV) 7,500 8,600 9,200
Wavelength Max. Emission (nm) 425 425 425
Decay Time (ns) 2.2 2.2 2.2
No. C Atoms/cm3,1022 4.44 4.55 4.62
No. H Atoms/cm3,1022 5.18 5.17 5.16
No. 10B Atoms/cm3,1020 5.68 2.83 1.14
Density at 200C (g/cm3) 1.026 1.023 1.021
cal PVT based scintillator of 68% Anthracene. Given that the amount of scintillation
light produced is critical to the performance of the detector in identifying gamma-ray
sources, loading the PVT with boron would not be a viable option. The alpha particle
released as part of the boron-neutron interaction process would register in the same
energy range as a 100keV electron, which would directly interfere with the gamma-
ray spectrum. The only viable option in using PVT directly as a neutron detector is
as an unloaded, stand alone detector, despite the relatively low neutron interaction
probability.
6.7.2 Californium 252 Measurements
To evaluate the viability of using PVT as a neutron detector, an experiment was per-
formed using a Californium-252 neutron source. Cf-252 undergoes decay by alpha
emission (96.91% probability) and spontaneous ﬁssion (3.09% probability) resulting
in an overall half-life of 2.645 years with a speciﬁc activity of 0.536 mCi/pg. The
neutron energy spectrum has the average energy of 2.1 MeV [Martin et al., 1999].
For this experiment a 10Ci Cf-252 source was placed 10cm above the 1m V-plank,
which was previous calibrated with a Na-22 source, and multiple spectra taken. The
6-32resulting energy loss spectrum was then background subtracted. This process was
then repeated with a 10cm cubic polyethylene moderator which the Cf-252 source was
placed inside to measure the affect of reduced energy neutrons. Figure 6.34 shows the
energy-loss spectra produced using a Cf-252 source both with a poly-ethylene moder-
ator and without. Both spectra were background subtracted. Figure 6.34 clearly shows
Figure 6.34: Energy loss spectra of Cf-252 neutrons with PVT scintillator both with
and without a polyethylene moderator.
that no discernible energy information is present for the Cf-252 source using PVT. The
polyethylene moderator serves to attenuate the neutron ﬂux, acting as shielding would
if a neutron source were being illicitly transported. The shielding does not appear
to distort the shape of the spectrum, but simply reduces the number of counts in the
spectrum. Similar spectra were obtained by Stromswold et al who investigated the
possibility of using plastic scintillators as fast neutron detectors to detect neutrons
spontaneously emitted by plutonium compounds [Stromswold et al., 2000]. The au-
thors used time of ﬂight techniques between two PVT detectors to produce energy
loss spectra from various neutron sources. Figure 6.35 shows energy loss spectra for a
Cf-252 source and a calculated energy spectrum for neutron emission from the Cf-252
source based on a Maxwellian distribution with average energy of 2.14 MeV. Figure
6.35 shows a similar shaped distribution to the Cf-252 spectra shown in Figure 6.34,
though with better energy resolution from the time of ﬂight technique used and a local
6-33Figure 6.35: Calculated and experimental energy loss spectra of a Cf-252 source using
time of ﬂight techniques with PVT detectors. Figure from [Stromswold et al., 2000].
maximum at around 0.6MeV. Figure 6.34 shows no such maximum, presumably due
to poor PVT resolution without the aid of time of ﬂight techniques.
6.7.3 Differentiating Between Gamma-Rays and Neutrons
In their paper “Direct Fast-Neutron Detection”, Stromswold et al [Stromswold et al.,
2000] emphasised the importance of distinguishing gamma-ray events from neutron
events and tried two different techniques to accomplish this with PVT detectors.
The ﬁrst technique was using pulse shape analysis to distinguish gamma-ray events
from neutron events on a pulse by pulse basis. The authors predicted that neutron
events should produce longer pulses than gamma-ray events given the longer scat-
tering times of neutrons over gamma-rays. For a neutron with an average energy of
1MeV, the speed at which it travels would be around 30cm/ns, whereas a gamma-ray
travels at 1.4cm/ns. The time interval between successive scatterings of fast neutrons
in a single piece of plastic is therefore about 3ns whereas the successive scattering
time for gamma-rays would be around 1ns. In order to experimentally verify these
predications a cylindrical 5.1cm diameter by 7.6cm long section of fast plastic scintil-
lator was used as a detector and subjected to gamma-ray and neutron emissions from
a Cf-252 source. The authors relied on multiple scattering in each event to determine
6-34the type of radiation detected. Their results showed that even the fastest scintillator
employed was not fast enough to distinguish neutron events from gamma-ray events.
Although the widest neutron event was around 5.2ns versus around 4.3ns for gamma-
ray events, the average pulse width was 3.5ns and 3.3ns respectively; an insigniﬁcant
difference for accurate differentiation. Resolution of 1ns would be required to differ-
entiate gamma-rays from neutrons using a single plastic scintillator.
The author’s second technique was to use neutron time of ﬂight scattering to dis-
tinguish neutrons events from gamma-ray events. Two plastic scintillators were used,
separated by a distance of 30cm. The ﬁrst scintillator, closest to the radiation source,
was thinner than the second so that incident neutrons/gamma-rays would ﬁrst scatter
from the initial thin scintillator and then go on to interact with the second, thicker
scintillator. The timing between the two coincident events was then the distinguishing
factor between the event types. Neutrons, being much slower than gamma-rays would
have coincident events in a much larger time gap than those of gamma-rays. The
authors calculated that for gamma-rays the ﬂight time was around 1ns, whereas for
neutrons at the appropriate energy it was around 22ns. A ﬁlter of 10ns was applied, so
that any coincident events above this threshold were considered neutron events. The
technique was successful and proved useful for the sources tested, successfully dif-
ferentiating between gamma-rays and neutrons and providing a broad neutron energy
spectrum. Figure 6.36 shows the time of ﬂight spectrum produced by the authors of
both gamma-rays and neutrons simultaneously. Neutron time of ﬂight scattering is
a viable technique for detecting, differentiating and measuring the energy spectrum
of neutrons solely using plastic scintillator. The beneﬁts of this system would be in
the cost and the sensitivity; by using the relatively cheap PVT based scintillator the
need for more expensive separate detectors is eradicated, and using large areas plastic
greatly increases the probability of detection. A fully PVT based system built around
the range of detectors currently presented in this thesis would need to have its limita-
tions and beneﬁts discussed.
The ﬁrst factor of such a system is that the presence of multiple gamma-ray/neutron
sources might produce signiﬁcantly more false coincident events, giving rise to false
6-35Figure6.36: Timeofﬂightspectrumforneutronsandgamma-raysfrom 239PuBeusing
2x PVT scintillators 30cm apart. Figure from [Stromswold et al., 2000].
positives for neutron coincidences. Though this is a minor issue given the potential
to successfully measure the neutron spectrum, it would still impair the accuracy of
the system. Stromswold et al do not test their system with multiple sources simul-
taneously, but do show that coincident events from multiple gamma-ray and neutron
events from the same source can cause false neutron positives. Coincident gamma-
ray events registered in both detectors would also need to be vetoed when compiling
the gamma-ray spectrum from the main detector, in order to prevent logging multiple
scattered events.
The second factor is the use of such as system in a portal type scenario where the
source of the radiation could be at any position in relation to the detectors dimensions.
This means that the path length of a neutron scattered from the ﬁrst scintillator could
vary a signiﬁcant amount before interacting with the second scintillator depending on
the source location and the scattering angle. Whilst not a concern for the absolute de-
tection of neutrons, using two full-sized plastic scintillators would greatly reduce the
6-36energy resolution if any energy loss spectra were compiled. The ﬁrst scintillator of the
pair, closest to the radiation source, would need to be the thinner scintillator, leaving
the original gamma-ray spectrometer outlined in this thesis, such as the 1m V-Plank
or the 2m X-Plank as the second, thicker scintillator. This thin scintillator would need
to be small enough in area to be attached to a single small area photomultiplier tube
to keep costs minimised. Stromswold et al use up to four fast photomultiplier tubes to
get the best discrimination between gamma-rays and neutrons, though this comes as a
cost to the overall neutron detection efﬁciency.
If spectroscopic information is desired for neutrons, the large range of potential ﬂight
paths after scattering from the ﬁrst scintillator should be minimised. This could be
achieved using a relatively small area thin detector to limit the region from which
scattered neutrons can project from. Position sensitivity could be used in the second
scintillator to determine its interaction point and therefore calculate its trajectory for
an increased accuracy of the estimated energy. Larger scintillator could be used if
simple neutron detection is desired rather than spectroscopy. A trade off between sen-
sitivity and spectroscopic performance would be required.
The third and most important factor is the cost/ability of manufacturing such a system.
The detector system would need to be around 30cm wider on each detection panel,
incorporate more scintillator material, photomultiplier tubes, electronics and software
development, all of which add to the total cost of the system. Multiple photomultiplier
tubes used for larger detectors would greatly increase the cost, and the associated elec-
tronics needed to read the signals would need to be purchased. The timing resolution
of the digiBASE electronics currently used is far from the nanosecond timing reso-
lution required and the cost for high precision timing units would add signiﬁcantly.
All these added costs may simply outweigh the beneﬁts of an integrated PVT based
system. A separate neutron detector such as a helium proportional counter might, for
example, provide the same detection capability at a similar cost, or in a more conve-
nient format. The ﬁnal problem with using plastic scintillator based neutron detectors
is that of shielding. If a smuggler were incorporating dense shielding to attenuate or
intentionally scatter gamma-rays from a threatening source, they may well also incor-
6-37porate polyethylene shielding to thermalise neutrons. Given that plastics only directly
detect fast neutrons, the resulting thermalised neutrons from a shielded source would
be much better detected by a helium-3, or lithium based counter.
A more detailed analysis of the costs associate with incorporating a fully PVT based
system would be required to fully weigh its beneﬁts, but it would seem initially that
without the ability to differentiate neutrons from gamma-rays in a single, all purpose
detector, a PVT based system is simply not a cost effective solution given the range of
alternative products available that have already been proven to work well.
6.8 Conclusions
In this Chapter the deconvolution of spectra from all three detector designs was pre-
sented. The full width half maximum of the 662keV peak in the deconvolved spectra
for each design was calculated as 6% for the two larger PVT designs and 5% for the
50cm V-Plank. A number of other spectra were also measured and correctly identi-
ﬁed such as Na-22, Co-60, Am-241 and Ra-226. Tests were conducted with the 50cm
V-Plank to determine the minimum number of counts for both simple and complex
spectra for correct spectral identiﬁcation. Na-22 and Eu-152 sources were used for
this purpose and gave the number of counts required as 8,000 counts per spectrum
for 100% identiﬁcation of Na-22 and 22,000 counts per spectrum for 100% correct
identiﬁcation of Eu-152 in this set of experiments. These results were accurate when
tested with sets of 25 spectra, but a larger number of spectra would be required in
proper ﬁeld trials for a more accurate ﬁgure. A phantom peak anomaly was high-
lighted, caused by the presence of optimised Compton edges and photo-peaks present
in the same low-energy region of the spectrum and appearing similar to one another
in shape. This can cause the deconvolution process to predict the existence of higher
level energy peaks which don’t exist in the raw spectra. The problem can be remedied
by incorporating such events into the isotope identiﬁcation library. Tests were also
conducted into the ability of PVT to directly detect neutrons. It was found that stan-
dard PVT detectors can detect neutrons, but not distinguish them from gamma-rays in
an energy loss spectrum. Whilst differentiating neutrons from gamma-rays is possible
6-38using time of ﬂight techniques, extra detectors would be required increasing the cost
and design requirements. These requirements reduce the viability of PVT based neu-
tron detection given the possible incorporation of other, well-tested neutron detectors
such as Helium-3 based counters.
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Practical Portal Considerations
7.1 Introduction
In this section practical considerations of a radiation portal monitor are considered.
Environmental factors such as temperature, magnetic ﬁelds and background radiation
are investigated. A number of other phenomena are also described which occurred
unexpectedly during the investigation of PVT spectroscopy, such as non-linearity and
dynamic range problems. Positional sensitivity in the large 2m design is also investi-
gated as an additional attribute without the need for new hardware.
7.2 Non-linearity in the Detector system
During measurements of Na-22 spectra it was noted that the detector system was giv-
ing a non-linear response in the energy calibration. The induced Compton edges for
the 511keV and 1275keV gamma-rays from a Na-22 source should be detected at
341keV and 1061keV respectively. The ratio of 1061keV to 341keV is equal to 3.11
and this value should remain constant regardless of the detector settings to ensure a
linear response of the system with respect to the incident gamma-ray energy. To this
end a small experiment was conducted by taking a number of Na-22 spectra with the
50cm V-Plank and varying the photomultiplier tube voltage and gain settings for each
of these measurements. The ratios of the Compton edge positions were then calcu-
lated and compared to the expected value of 3.11 to determine the linearity of the
system. These values were found to vary with the voltage and gain and none equalled
7-1the expected value of 3.11. Figure 7.1 shows the results of this experiment. Figure
Figure 7.1: The ratio of the locationsof 1275keV and 511keV inducedCompton edges
for a range of applied photomultiplier voltages using the 50cm V-Plank prototype.
7.1 shows that the ratio of the Compton edges decreases as the voltage is increased,
with no voltage settings giving the expected value of 3.11. There are few factors that
could have affected the linearity of the detector. Starting with the plastic scintillator
itself and then moving to the detector hardware, each of these factors were explored
to isolate the cause of the non-linearity. The factors investigated were the linearity of
various multi channel analysers, photomultiplier tube base electronics, pre-ampliﬁers,
photomultiplier tubes and the linearity of the PVT itself.
Two multi channel analysers were tested with the 50cm V-Plank; the Ortec digiBASE
and the Ortec Scintipack. Both multi channel analysers showed that various voltages
applied to the photomultiplier tube base gave a different Na-22 Compton edge ratio
for the same detector. The electronics used in both of these units were able to cope
with the fast response of plastic scintillators. Both units however showed the expected
linearity with other detectors such as NaI(Tl) based systems. The multi channel anal-
yser was therefore not the major cause of the non-linearity. As plastic scintillators
have a fast response time the pre-ampliﬁer rise time could have been too slow in the
default pre-ampliﬁers contained in the digiBASE or Scintipack. An Ortec fast pre-
ampliﬁer was used to test this and found that using either the fast pre-ampliﬁer or the
Scintipack’s built in pre-ampliﬁer gave no difference in the resulting spectra.
7-2The only available explanation for the non-linearity of the system was the photomul-
tiplier tubes. Upon consultation with the manufacturer of these tubes, ADIT, the 5"
B133D01 tube being used is based on a box and grid dynode design. The box and
grid design in this instance shows little linearity except for when used in conjunction
with a narrow voltage range which is provided by the manufacturer. Therefore whilst
presenting good value for money in general photon counting experiments, these tubes
are not suitable for use in spectroscopy. This information was not commonly known
because 5" photomultiplier tubes are not generally used for spectroscopy, given that
typically used scintillation crystals are of much smaller dimensions. These photo-
multiplier tubes were therefore used mostly for counting purposes on large area PVT
detectors. As spectroscopy with PVT is not widely practised, there was no way of
knowing this type of photomultiplier tube would not be appropriate. Given this infor-
mation, a new set of photomultiplier tubes were acquired from the manufacturer Pho-
tonis. The photomultiplier tubes purchased were model number XP3540/BC which
were blue optimised, 5" photomultiplier tubes and were based on a linear dynode de-
sign as opposed to the previous box and grid design. These new tubes were tested
using the same method of Na-22 Compton edge location ratio with respect to applied
photomultiplier tube voltage and compared to the results of the Adit B133D01 tubes.
Figure 7.2 shows the results. The Photonis linear dynode design showed excellent lin-
earity over the full range of tested voltages. All the ratios for the 1275keV to 511keV
Compton edges are close to the 3.11 expected value and within the limits of the Comp-
ton edge location measurement error. These photomultiplier tubes, although around
double the price of the Adit B133D01, gave an excellent linearity and were therefore
implemented permanently for all detector designs.
7-3Figure 7.2: The ratio of the locations of 1275keV and 511keV Compton edges for a
range of applied voltages using Photonis XP3540/BC and Adit B133D01 photomulti-
plier tubes.
7.3 Dynamic Range
The dynamic range of the multi channel analyser was an important factor in spec-
troscopy with PVT as it balances the resolution with the range of incident gamma-ray
energies available and the total cost of the detector system. For gamma-ray spec-
troscopy in this work the required energy range is from 30keV to 3MeV. The highest
energy measured is that of Th-232 in which a 2.6MeV gamma-ray produces a 2.4MeV
Compton edge. In order for the identiﬁcation program to operate correctly the whole
of the broadened Compton edge must be included in the spectrum, which means the
upper limit is around 2.8MeV for PVT. This must be balanced with the lower limit,
which is currently set as the Compton edge for Co-57, which has a Compton edge
at 40keV. The multi channel analyser used had 1024 channels available, but for use
with NaI(Tl) based detectors, Symetrica’s software transposed each spectrum into a
512 channel spectrum to match that of the 512 ﬁle q-matrix. This gave a 6keV bin
width which can present problems with resolution at the lower energies. Even though
the resolution of PVT is much lower than that of NaI(Tl), there are a number of co-
incidental features at lower energies such as the 40keV Compton edge from Co-57
and the 60keV photo-peak from Am-241, the resolution at these energies is of vital
importance for distinguishing between such isotopes. The 6keV bin width supports
7-4the ability to distinguish such isotopes, but retaining the maximum dynamic range to
encompass the features of a Th-232 spectrum requires a lower gain, therefore the 512
channel conﬁguration was just within the limits of providing both features. A slight
calibration or gain error however can remove this ability, forcing the user to choose the
ability to distinguish low energy isotopes or identify Th-232 spectra. To compensate
for this problem in the future, a higher number of channels should be used, such as
1024 channels, whilst decreasing the bin width only fractionally, and increasing the
gain so that the energy range scaled to around 4500keV for example. This would give
4.5keV bin widths and a high enough energy scale to encompass the 2.6MeV Th-232
gamma-ray.
7.4 Environmental Factors
7.4.1 Background Scattering
The immediate physical environment surrounding the detector is of vital importance
when using PVT based scintillators. If any nearby material is of roughly the same
density as the PVT, such as wood, it will cause degradation in the spectrum due to
multiple coincident Compton scattering. This happens if two simultaneously emitted
gamma-rays interact with the PVT in a given time window. If one of these gamma-
rays is unhindered by the PVT, but then goes on to back scatter from an external
material, the resultant scattered gamma-ray can then interact with the PVT detector in
the same time window as the other, unhindered gamma-ray. This can distort speciﬁc
regions of the energy loss spectrum. Figure 7.3 shows a diagram of this effect. In this
example the 1275 keV gamma-ray can scatter by 180 degrees in the detector giving a
Compton edge as expected, however, the 511 keV gamma-ray does not interact with
the PVT as expected, but instead interacts with the external material, back scattering
towards the detector. This scattered gamma-ray then interacts with the PVT within
the accepted integration time of the 1275keV gamma-ray’s interaction, causing the
sum of the two scattered gamma-rays to be binned in the spectrum. This effect can
signiﬁcantly broaden the 1275 keV Compton edge, but shows little or no effect on the
511 keV Compton edge. Figure 7.4 shows the 1275keV induced Compton edge from
a Na-22 spectrum, alongside a standard Na-22 spectrum removed from any interfering
7-5Figure 7.3: The multiple coincident Compton scatter event. Two gamma-rays inter-
act with a detector, one of which has already been back scattered by an underlying
material. The result is a broadened Compton edge.
materials. The effect was observed to some extent with any sized detector, but more
so for large area detectors when the detector was placed close to anything of similar
density. The effect subsides gradually as the detector is moved away from such ob-
jects, and could no longer be observed for the large area detectors when the detector
was greater than 30cm from the object. The distance is reduced for the smaller 50cm
V-Plank detector, which only required around 10-15cm or so for the effect to disap-
pear. Other materials also incur this behaviour, though to a lesser extent. Thick slabs
of Lead for example were shown to display a similar effect. The effect also degrades
with the thickness of the objects that are close by. A prime example is using any of the
detectors above a standard lab bench, where the table top is made of around 5cm thick
wood. This has a large effect on a Na-22 spectrum. A similar sized ofﬁce desk with a
desktop just 1cm thick has a barely noticeable effect. This effect is of key importance
in both the positioning of the detector, and also any material that might be used to re-
duce the detector’s exposure to background radiation. Standard background scattering
of gamma-rays from a nearby surface can also create problems for PVT detectors and
must be accounted for. Gamma-rays scattering from any surface and interacting with
PVT detectors is a problem because of the low energies that the scattered gamma-rays
7-6Figure7.4: The1275keVregionofanexampleNa-22spectrumshowingthescattering
effect caused by the detector being placed too close to a wooden bench.
have. These low energy events can hinder the clarity of energy loss spectra at low
energies, the most important region for PVT detectors to distinguish many isotopes
correctly.
7.4.2 Temperature Sensitivity
Each detector must be able to withstand reasonable temperatures at both the hot and
cold ends of the temperature scale. The detectors may be employed in cold areas such
as those found in Alaska, or hot areas such as those found in Nevada. The detectors
must also be able to withstand rapid changes in temperature due to the possibility
of being in a desert-like environment where temperatures are hot during the day and
cold at night. To test the effects of temperature on PVT based detectors the 50cm V-
Plank and corresponding equipment were placed inside a large environmental cham-
ber where the temperature was changed gradually from one extreme to the other. The
detector then took a spectrum of a Cs-137 source, also inside the chamber, to mea-
sure any changes in the location of the Compton edge from the 662keV gamma-ray
with respect to temperature change. These measurements were performed from -20
degrees Celsius to +40 degrees Celsius in increments of 10 degrees Celsius. Three
7-7temperature sensors were used to measure the chamber temperature, two in the cham-
ber itself and one attached to the detector using thermal adhesive. The temperature
sensor attached to the detector also had a large section of Styrofoam bonded over the
top to ensure that the temperature being measured was that of the PVT and not that
of the surrounding environment. The temperature in the chamber was initially started
at -20 degrees Celsius and held there until the reading on the PVT temperature sensor
agreed a -20 degrees Celsius reading. A spectrum was then acquired and a computer
program was started to take the temperature of the chamber upwards by 10 degrees
for the next measurement. Each temperature change was done over a period of 30
minutes with an additional 120 minutes to allow the detector to adjust to the same
temperature as the environment. This experiment measured the temperature depen-
dence of the detector as a whole, the results for which are shown in Figure 7.5. Figure
Figure 7.5: Variation in the location of a 662keV induced Compton edge with respect
to temperature for the 50cm V-Plank detector.
7.5 shows that a small variance can be observed in the location of the 662keV induced
Compton edge with respect to temperature change. As the temperature was increased
the collection efﬁciency appeared to decrease, and mostly this effect was observed at
greater than room temperatures. The standard deviation in the mean Compton edge
channel number was 4 channels giving a total variance of 2% over the full range of
the temperature change. This means that the detector would have little cause for con-
7-8cern for minor temperature ﬂuctuations, but would have more cause for concern in
a desert like environment where temperatures are cold in the morning but reach ex-
tremely high numbers in the afternoon. Re-calibrating the detector system could solve
this issue, perhaps at various known times of the day or on a trigger from an internal
temperature sensor. Built in fans or air conditioner units are also an option to keep the
temperature constant regardless of the environment. The temperature measurements
conducted here are somewhat correlated to a statement made by Eljen concerning the
temperature dependence of their EJ200 plastic scintillator. Eljen state that the light
output at +60C is 95% of that at +20C with no change from -60C to +20C [Eljen
Technology, 2009].
7.4.3 Magnetic Shielding
External magnetic ﬁelds have a great effect on the performance of scintillation de-
tectors. This is due to the detectors dependence on photomultiplier tubes for photon
collection, which are very sensitive to such ﬁelds [Hamamatsu, 2006]. The main con-
cern for a portable detector is the rotation of the detector in the Earth’s magnetic ﬁeld,
which subsequently alters the trajectory of electrons undergoing ampliﬁcation inside
the photomultiplier tube. For stationary detectors the Earth’s magnetic ﬁeld is not so
much of a concern, but nearby electronics can incur a magnetic ﬁeld and therefore
compromise the detector’s performance. As security devices, the notion that inten-
tional disruption may also be a factor must be entertained. Anyone with even a lim-
ited knowledge of scintillation detectors may anticipate their dependence on magnetic
ﬁelds and therefore employ powerful magnets in their cargo in an attempt to disrupt
the identiﬁcation of any illicit materials they are carrying. Fortunately the solution
to this problem is relatively simple, the employment of sufﬁcient mu-metal shielding.
Such shields are typically in sheet form only a few millimetres in thickness and are
placed around each photomultiplier tube inside the detector so that they cover the full
length of the photomultiplier tube plus an additional few centimetres over the edge of
the photomultiplier tube [Hamamatsu, 2006]. Mu metal shielding will negate the ma-
jority of magnetic interference caused by electronics but signiﬁcantly large magnetic
ﬁelds will still have an effect. If this is the case then a magnetic sensor such as a basic
Hall probe could be incorporated into the portal monitor housing to warn against any
7-9external magnetic ﬁelds present.
7.4.4 Degradation
Degradation of the light collection efﬁciency is apparent in plastic scintillators as a
consequence of radiation damage, age and handling of the material [Amsler et al,
2008]. Ageing of plastic scintillator occurs where the material is exposed to factors
such as temperature changes and solvent vapour causing gradual degradation over
time. Handling the material without gloves also leaves grease marks on the material
whichovertimecausecracksinthesurface, diminishingthematerial’sabilitytoreﬂect
light by total internal reﬂection. The combination of these processes mean that the
detector will gradually decrease in resolution over time and therefore the plastic will
need to be replaced over a number of years as part of the detector’s maintenance.
7.5 Automatic Calibration
An automated calibration routine is required in a portal monitor scenario so the detec-
tor system can be calibrated as and when it needs to be without the need for human
intervention. A small number of techniques were available for this, such as using a
tagged Na-22 source to provide 511keV and 1275 keV gamma-rays constantly whilst
the detector is in operation. These gamma-rays would then be vetoed using a sep-
arate smaller crystal detector to detect the recoil 511keV gamma-ray. This system
has the advantage that the calibration source is constantly available and requires no
machinery to use, just more complex programming in the data acquisition program.
The disadvantages of this system however are that only a maximum of 90% of the
1275keV gamma-rays can be successfully vetoed and an extra smaller detector must
be installed inside the larger system for each PVT detector. The chosen method for
calibration was therefore to use a shielded source in which a Na-22 source is placed
nearby inside a lead chamber. This chamber has a mechanical shutter which enables
access to the source during calibration and attenuates the source when it is not re-
quired. This solution is cheap and relatively simple to implement whilst providing
a reliable calibration source. Both of these solutions require a radioactive source in-
stalled inside the detector itself which can be a cause for concern amongst the general
7-10public. However the source required is of minimal activity and differing solutions can
beusedforthevariousapplicationsofthedetectorsystem. Apersonalportalforexam-
ple is more likely to be used indoors, where the temperature and other environmental
factors rarely change. The system would therefore not need as many calibrations as
an outdoor system and the possibility to keep an external source locked away for less
frequent calibrations is an option. Hand held type detectors also beneﬁt from this ar-
rangement.
Having established the means by which the system is calibrated, the method of cali-
bration was also of key importance to producing a reliable system. As outlined pre-
viously in “Dynamic Range” the system must have a speciﬁc dynamic range which
reduces the work for calibration. The system has as higher gain as possible whilst
still retaining the ability to identify a 2.6MeV gamma-ray. This gain setting will dif-
fer for each photomultiplier tube used in each system but the channel numbers where
various Compton edges are expected will remain the same. Therefore once the op-
timum voltage and gain are found for the dynamic range, a Na-22 source is placed
near the detector and a spectrum taken. This spectrum can then serve as a template,
with the exact positions of both Compton edges recorded. Future calibrations then
only need to increase the gain of the photomultiplier tubes until the positions of each
Na-22 Compton edge match that of the template. To ensure better compatibility with
the identiﬁcation program, a Geant4 simulation of a Na-22 spectrum was simulated
for each detector system and used as a template. This ensures that each experimen-
tally measured spectrum matches the exact position predicted by Geant4 and therefore
increases the probability of matching the isotope library.
7.6 Positional Sensitivity
A limited positional sensitivity was available to the large X-Plank design detector dur-
ing testing. The detector was able to give a spatial localisation of a measured source
based on calculations of the intensity of photons received at each photomultiplier tube
on the detector. Positional sensitivity is useful for a number of reasons, for person-
nel portals the time required to ﬁnd sources that might be concealed on the person
7-11is greatly reduced if the operator knows exactly where to look. Warning alarms that
might be caused by signatures of Iodine in thyroid related medical treatment could
also be veriﬁed as coming from the throat region of the person. For external applica-
tions, a detector may be employed to scan the ground for contaminated areas, a large
detector with positional resolution might be the most efﬁcient way of achieving this
goal. As positional sensitivity is an additional feature that can be employed in double
ended design scintillators at almost no extra cost, the usefulness of such a feature how-
ever is negligible when compared to the ability to identify isotopes being measured.
Therefore positional sensitivity is given a lower priority when evaluating how such a
feature might affect the rest of the detector’s intended functionality.
7.6.1 Software Considerations & Calculations
On a single detector, positional sensitivity is only available to detectors which employ
photomultiplier tubes at either end of the PVT. The only design investigated in this
work which meets this criterion is the 2m X-Plank design. The 1m V-Plank design
uses two photomultiplier tubes but as they are attached to the same end of the PVT,
positional resolution would be limited to which side of the PVT the gamma-rays were
interacting with. The calculation of the position of a source relies on the attenuation of
the scintillation light as it reaches either end of the PVT from its point of origin. The
proportion of the light received by the photomultiplier tubes at each end of the detector
is then an indicator of where the scintillation pulses originated from. To calculate
the position of a measured isotope, the response of the detector must therefore be
known for each end of the PVT. A simple calculation can then be performed based
on the response of the detector to estimate the source’s location. Figure 7.6 shows
the simulated response for a 200cm12.5cm4cm plank shaped PVT detector with
photomultiplier tubes at either end. This simulation shows how the signal from each
photomultiplier tube varies along the length of the plank with respect to the location
of single ideally collimated source placed above the detector. Given that the response
of the detector follows attenuation in the form of equation (7.1):
I = I0e
 x (7.1)
7-12Figure 7.6: Simulated variation in the light collection efﬁciency of a
200cm12.5cm4cm plank shaped PVT detector with photomultiplier tubes at both
ends.
Where I is the resultant intensity, I0 is the initial intensity,  is the attenuation coefﬁ-
cient and x amount of material traversed. The position of the source can be calculated
using equation (7.2):
x = ln
Pa
Pb
2
(7.2)
Where x is the position of the source, Pa and Pb are the pulse heights of the signal
at end A and B respectively and  is the attenuation coefﬁcient of the PVT. This is
the theoretical ideal for a detector which has an exponential decrease in light received
for each end as the source is moved further away. The 2m X-Plank design however
is tapered and therefore does not give an accurate exponential response, which means
the location of a source cannot be accurately calculated by equation 7.2. To model the
2m X-Plank, two further options are available. The ﬁrst is to calculate an exact equa-
tion representing the deterioration of the scintillation pulse at each end of the PVT
with respect to source location. This method is unfavourable as it is both complex and
relies unrealistically on each detector’s response being matched exactly to the theoret-
ical ideal. The second technique is to use a look-up table or template for each detector
individually. This template is then the reference for the ratio of the signals received
by the photomultiplier tubes. This technique has the advantage of being relatively
accurate as it is tailored for each detector, the disadvantage however is that each de-
7-13tector must be experimentally characterised to produce the reference template. The
second technique of using an experimental technique is chosen as the best candidate
and compared to using a standard exponential equation to determine any increase in
accuracy.
7.6.2 Measurements
To begin measurements the reference template must ﬁrst be created. This was done
by taking 10cm increments along the length of the detector and placing a collimated
Cs-137 source at each interval. A spectrum was then acquired for each position to
give the variation in the spectral location of a 662keV induced Compton edge with
respect to the Cs-137 source location for each end of the detector. Figure 7.7 shows
the experimental response of the 2m X-Plank using this technique. The gaps between
each 10cm measurement were linearly interpolated to create a full template. This
Figure 7.7: Variation in the spectral location of a 662keV induced Compton edge with
respect to a Cs-137 source location using the 2m X-Plank.
model assumes that a few centimetres is enough spatial resolution for the majority
of intended applications. A ﬁner resolution than this would most likely require a
dedicated positional capability beyond the abilities of a single large area detector.
7-147.6.2.1 Collimated Isotopes and Resolution
The estimated position of a measured isotope is shown graphically using a histogram
for the location of each individual signal pulse as it arrives at the photomultiplier
tubes. Each coincident pulse is recorded in the software buffer and batch processed
for each acquisition interval. The pulse heights are located on the template and the
corresponding location is plotted into the histogram. A Cs-137 source is initially used
to test the resolution of this technique, the source being placed in the middle of the
detector inside a lead collimator. The collimator was 8cm in diameter, 2.7cm thick
and had a 1cm circular aperture with an instep to house radioactive sources. Geant4
Monte Carlo simulations are also conducted for the 2m X-Plank. A Cs-137 source
was simulated inside a lead collimator of the same dimensions and placed above the
2m X-Plank. 10,000 gamma-ray photons were ﬁred and the interaction position inside
the PVT recorded. This simulation is presented along with the experimental positional
results in Figure 7.8. The ﬁgure also includes a Gaussian distribution ﬁtted to the ex-
perimental data to estimate the FWHM of a collimated source. The ﬁgure shows a
Figure 7.8: Positional histogram for a collimated Cs-137 source placed above the
centre of the detector.
peak in the experimental spectrum at 0cm but a low number of counts are present to
+/-40 cm of the centre. The Geant4 simulation provides a relatively good ﬁt to the
experimental data. The distribution, as measured using the Gaussian distribution, has
7-15a full width half maximum of around 11cm. The positional resolution will depend on
the spread of the collimator, which in turn is dependent on the energy of incident the
gamma-rays as their ability to pass through lead unattenuated increases with energy.
The Geant simulation gives similar results to the experimental data, suggesting the
Collimator limits the positional resolution. The errors induced from the variation in
the light collection can be ignored if the source is collimated, and also that the re-
sponse of the detector is taking this error into account to predict the photons’ origin.
Factors affecting the energy resolution of the detector can be ignored as the total en-
ergy of each interaction is of little interest, only the proportion of that energy which
reaches the photomultiplier tubes. Therefore contributions from the number of photo-
electrons produced per light pulse and contributions from electronic noise constitute a
minimum inherent error in the positional resolution.
The ability for the detector to estimate the location of a source is largely based on
the intensity of the gamma-ray ﬂux in a localised area of the detector, therefore an
uncollimated source will generally yield a very poor positional resolution in the de-
tector. The source must either be very close to the detector, as may be the case in
a personnel portal, or the detector itself would need a large collimator placed over
it to isolate the location of the source. Any uncollimated source placed further than
around 10cm above the 2m X-Plank gives a near unresolvable positional distribution.
Multiple isotopes can be detected and located along the length of the detector given
the positional histogram employed if they are sufﬁciently collimated and within the
detector’s positional resolution limits. The main limit to the positional resolution of
this detector is the fact that the source must be collimated.
7.7 Conclusions
This Chapter investigated some of the factors which must be considered when deploy-
ing a PVT based detector outside of a laboratory environment, and also unexpected
factors which affected the detector’s performance. The type of photomultiplier tube
used was found to be an extremely important consideration. The original Adit photo-
multiplier tubes used were found to give a non-linear spectral response over a range
7-16of applied voltages. Using Photonis photomultiplier tubes corrected this issue as they
use a linear dynode design as opposed to a box and grid design. Background scat-
tering was found to cause a signiﬁcant degradation to various spectra, mostly Na-22
spectra in which the 1275keV induced Compton edge signiﬁcantly degraded when the
detector was placed close to a wooden surface. Other isotopes can also suffer from
back scatter causing an increased number of counts at the lower end of the energy
spectrum. The dynamic range of the multi channel analyser was also shown to be of
concern, as the resolution for PVT detectors must be good enough to distinguish the
many low energy Compton edges present in spectra, as well as accommodate high
enough energies to identify isotopes such as Th-232. How external temperature af-
fects the performance of the 50cm V-Plank was established, with around 2% variation
in the location of a 662keV induced Compton edge over a temperature range of -20oC
to +40oC. Positional resolution was achievable with the 2m X-Plank using the rela-
tive intensity of light received at each end of the detector. The maximum positional
resolution available was a FWHM of 11cm, this was limited by the collimator used
for the measurement. In order to achieve any useful positional resolution a collimator
must be used.
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Future Portal Designs
8.1 Introduction
In this chapter the design for a detector panel for use in a personnel portal or vehi-
cle portal detector system is outlined. This design was constructed using the results
from both simulations and the quality of spectra obtained with the previous detector
designs. Personnel portals are not subject to many of the problems that vehicle portal
monitors experience and should therefore show a better correlation between simulated
performance and industrial performance. A volume of PVT for the detector was de-
ﬁned for the sensitivity requirements as well as a minimum set of performance guides
to ensure consistent Compton edge clarity for successful deconvolution and identiﬁ-
cation of energy loss spectra. Methods for testing such as system are given as well as
the beneﬁts and limitations that such a system can provide. Once the plastic scintilla-
tor panel is designed, a number of them can be implemented for either a personnel or
vehicle portal depending on the sensitivity requirements.
8.2 Panel Designs For a Portal
The ANSI standards N42.35-2006 “American National Standard for Evaluation and
Performance of Radiation Detection Portal Monitors for Use in Homeland Security”
[IEEE, 2006a] deﬁne a number of portal types by their role. These are deﬁned as:
 Pedestrian
 Package (conveyor)
8-1 Vehicle (which includes containerised cargo)
 Rail vehicle
In this study personnel and vehicle (non-rail) portals were chosen, but such designs
could be expanded into other portal types. Whilst this section can provide guidance on
the best internal components and conﬁguration for a portal, some of the engineering
components are not covered. The ANSI standards N42.35-2006 provide a multitude of
factors such as exterior materials, casing, ruggedisation of the portal, electrical testing
and other operational requirements. These are separate topics for consideration by a
company manufacturing the portal and are therefore not covered here.
8.2.1 Detector System Requirements
The minimum sensitivity required to detect isotopes with a certain activity, at a certain
distance, is merely a function of detector volume. The detection of isotopes in this
manner is quite crude in that it requires no reﬁning of spectra, but simply an alarm
if the gross count rate goes above a certain threshold in relation to the background
count rate. For current portal monitors, standards exist for both minimum detection
threshold of an isotope, and for isotope identiﬁcation success rate. For PVT based
portals, the detection standards and isotope identiﬁcation standards will be included.
Some of the factors which must be incorporated by a radiation portal monitor are
shown below.
 Detector sensitivity/efﬁciency
 Distance between detector panels (if more than one is present in a portal)
 Height of the portal
 Source speed through the portal
 False alarm rate
 Compton edge clarity
 Isotope identiﬁcation success rate
8-2The ﬁrst few items are typical of a standard PVT detector, whilst the last two are
speciﬁcally for a spectrometer. A spectroscopic PVT portal monitor is more of a hy-
brid between the two, as it can easily fulﬁl the role of a passive detector but its role
in spectrometry has not been previously deﬁned. The majority of advanced spectro-
scopic portals being researched today incorporate NaI(Tl) detectors, it could therefore
be unrealistic to expect a PVT based system to perform to exactly the same standards
for identiﬁcation. PVT based systems clearly can identify a range of isotopes under
laboratory conditions though, and therefore to test a plastic scintillator based system
the ANSI standards N42.35-2006 for identiﬁcation will be used as a guideline. One
factor that is essential for modern portal systems is the innocent alarm rate, which
describes how often an alarm is given for radioactive materials that are not illicit in
nature. Such a value must be determined by experiment and depends on a number
of parameters such as the source of the radiation. This value is not covered in this
work as the laboratory conditions available are not a good substitute for a real life
scenario, and the number of sources available for testing fall far short of the ANSI
N42.35-2006 requirements. This value is mentioned however in the future work sec-
tion in Chapter 9. The ANSI standards for isotopic identiﬁcation are deﬁned in a more
comprehensive list in the ANSI N42.38-2006 [IEEE, 2006b] standards for isotope
identiﬁcation, shown in Figure 8.1. Figure 8.1 shows values for neutron detection as
well as gamma-ray detection, which can be provided by a separate Helium-3 detector
inside the portal. Both Gamma-rays and neutrons must be detected with probability
greater than or equal to 0.90 with a 95% conﬁdence value. Simulations of PVT based
portals meeting the above design requirements can establish whether or not a certain
design will meet the sensitivity requirements in the ANSI standards N42.38-2006.
As the minimum number of counts for both simple and complex spectral identiﬁca-
tion has already been established for a certain quality detector, the portal must simply
meet the sensitivity requirements to provide that minimum number of counts whilst
still retaining good spectral quality. Some environmental design requirements are also
given, such as:
 Stabilization time
 Ambient temperature
8-3Figure 8.1: Test sources and activities deﬁned for the ANSI Performance Criteria for
Spectroscopy-Based Portal Monitors Used for Homeland Security [IEEE, 2006b].
 Relative humidity
 Atmospheric pressure
 Magnetic induction of external origin
The stabilisation time is set to a maximum of 15 minutes. This is easily achievable as
the software in the current systems can redeﬁne the calibration and gain stabilisation
in real time with the whole process taking a less than a few minutes. Temperature
dependence has already been measured but a simple set of temperature sensors both
inside the portal and outside can either be used to adjust the gain and calibration of the
system accordingly, or call for a new set. Humidity and pressure are not factors that
were measured as part of this work, but these can be taken into account by ruggedising
the portal monitor design. Magnetic ﬁeld inﬂuence has also not be fully covered
8-4for a portal as the photomultiplier tubes are the main issue here and are adequately
shielded with mu metal. Any other effects should be considered in the portal structure
as opposed to the instruments contained within.
8.2.2 System Design
In order to meet the detection requirements, a two sided portal was designed forming
an archway for each portal type with detectors placed on both vertical sides. A dis-
tance of 1m between detector panels is the requirement for personnel portals, whilst
a 5m separation between detector panels is required for vehicle portals. The previous
portal simulation in Chapter 4 showed that two 1m V-Plank design detectors placed
1m apart in a portal gave 22,200 counts for a 16Ci Cs-137 source passing through
at a speed of 1.2m/s in the centre of the detector, and 9,800 counts were observed at
the top or bottom of the detector. These counts rates just reach the minimum limit
for simple isotope identiﬁcation in order to approach 100% reliability. Only the mid-
section could identify a more complex spectrum, but this simulation was based on a
simple isotope activity. More complex isotopes listed in the ANSI N42.38-2006 spec-
iﬁcations do not include a Eu-152 source to represent a complex spectrum as was used
previously in Chapter 6. There is however a Ra-226 source with an activity of 8Ci,
half that of the Cs-137 which can be used to represent complex spectra. The system
would therefore need to give at least 22,000 counts anywhere in either portal design
for Ra-226 at an activity of 8Ci.
To meet these requirements, the volume and the number of the detectors were in-
creased to allow for more counts in each of the resulting Ra-226 spectra. The length
of eachdetector panel was thereforeincreased to 115cmand the widths wereincreased
to 38cm for the wider end and 29cm for the narrow end. The number of photomul-
tiplier tubes was also increased to three, 5-inch photomultiplier tubes per detector.
This gave these detector panels a total volume of 15.4 litres each, up from 9.1 litres
each from the 1m V-Plank and 2m X-Plank designs. Higher quantum efﬁciency pho-
tomultiplier tubes became available recently which increase the quality of energy loss
spectra for a given detector, or allow the increase of the detector panel’s dimensions
whilst retaining a similar resulting spectral quality. The Hamamatsu R6233-100 Super
8-5Bialkali tube is an example of this. This tube is 7.6cm in diameter and has a photo-
cathode quantum efﬁciency of 34% at 400nm. The R877-100 is another example with
the same speciﬁcations as the R6233-100 but 13.3cm in diameter, ideal for use in this
detector panel design.
Theportalconsistedofanumber ofdetectorpanelsinordertoapproach100%positive
identiﬁcation of complex spectra at a walk-through speed of 1.2m/s for personnel por-
tals, and 8km/h for vehicle portals. These detector panels were stacked length-ways to
cover a 2m height to start with. Along with the photomultiplier tubes and electronics,
around 2.5m in height would be required to house the panels, with a varying width
depending on the number of encapsulated panels.
To calibrate the system, a built in Na-22 source would be required. The most cost ef-
fective and easiest way to use the Na-22 source would be a mechanical arm to present
the source to the middle of the portal, at the end of which sits the Na-22 source in a
retractable lead case. The source would therefore be constantly shielded from the de-
tector until calibration was required. Normalisation of the photomultiplier tube gains
can then also take advantage of this source, triggered by and change in environmental
settings. Other methods of calibration were available with Na-22 sources such as tag-
ging the source with a small crystal scintillator and removing subsequent entries in the
energy loss spectra. This method however becomes more taxing as multiple detector
panels are installed in different locations with the portal.
8.2.3 Methods for Testing
To test this system, proper ﬁeld trials would be ideal. This is however outside of
the scope of this work and is therefore recommended in the future work section of
Chapter 9. For a simple test, two isotopes from the ANSI N42.38-2006 standards for
isotopic identiﬁcation were chosen to represent simple and complex spectra. Cs-137
was chosen to represent simple spectra, whereas Ra-226 was chosen to represent the
more complex spectra. Simulations were then carried out using a varying number of
detector panels in each portal design to meet the minimum number of counts required
to approach 100% identiﬁcation of each isotope. The personnel portal speciﬁcation
8-6allows an exposure time of 1 second inside the portal, whilst the vehicle portal speci-
ﬁcation allows an exposure time of 5 seconds. Each portal system was tested with the
simulated isotopes at both the centre of the portal, and at a height of 10cm above the
ground/from the top of the detector, as the designs are symmetrical.
8.2.4 Performance and Results
The performance of the detector panel was simulated using Geant4 and gave an over-
all light collection efﬁciency of 45.4% per detector with a variation in the light col-
lection efﬁciency of 5.6%. This light collection is lower than the 57% of the 50cm
V-Plank used in the spectral quality trials, but the improved quantum efﬁciency from
the new photomultiplier tubes compensate for this, providing a similar number of
photo-electrons overall. The average photo-cathode quantum efﬁciency of the Photo-
nis photomultiplier tubes in the previous designs was 27%, and the light collection
of the 50cm V-Plank detector was 57%. The product of these two ﬁgures is 0.154,
whereas the product of the 45.4% light collection from the new panel design with the
34% quantum efﬁciency of the recently developed Hamamatsu photomultiplier tubes
also gives 0.154. Therefore the quality of the spectra should remain the same as the
small V-Plank for this larger panel design. The variation in the light collection is
similar to the value predicted for the original 1m V-Plank and is therefore probably
also around 2% when measured experimentally, though this would need to be veriﬁed.
This design might also beneﬁt from a small spacer section of non-scintillating PVT
between the detector and the photomultiplier tubes as highlighted in Chapter 3. This
spacer PVT was not included in the 1m V-Plank or 2m X-Plank designs because the
beneﬁts of using it were unknown at the time of manufacturing the detectors. The
spacer is not included in the new detector panel performance evaluation as although
previous simulations showed a decreased variation in the light collection efﬁciency
with its use, it has not yet been experimentally veriﬁed.
The results of the simulations for each portal design are now presented, starting with
the personnel portal. For Cs-137, a mono-energetic gamma-ray source was simulated
at 662keV with an activity of 16Ci. The Ra-226 source was simulated using a his-
togram input for all the emitted gamma-ray energies with a total activity of 8Ci.
8-7Many portal conﬁgurations were tested, but the conﬁguration found to meet the min-
imum sensitivity requirement whilst retaining as lower number of panels as possible
was a three panel design. This design uses two panels stacked length-ways covering
the full 2m height on one side of the portal, and one panel placed 1m away at a central
height on the other side of the portal, as shown in Figure 8.2. The results for these
Figure 8.2: A personnel portal conﬁguration using three detector panels.
simulations are shown in Table 8.1. These results show that the most difﬁcult isotope
Table8.1: PersonnelportalsensitivitytestwithCs-137andRa-226sourcesatdifferent
heights
Radionuclide Counts @ Midsection (+/- 2%) Counts Near Floor (+/- 2%)
137Cs 75,663 51,256
226Ra 41,994 28,432
to identify, Ra-226, gives over 28,000 counts in the energy-loss spectrum at the high-
est point of the portal system. This is 27% higher than the minimum 22,000 counts
needed for 100% isotope identiﬁcation during the Eu-152 trials. These simulations
were produced with a person walking through the portal at a speed of 1.2m/s without
stopping. As this design is theoretical, real trials would need to be used to verify the
8-8quality and sensitivity of the design, although previous analysis has shown the simu-
lations to be a good indication of detector performance.
For the vehicle portal, a larger number of conﬁgurations were tested, culminating in a
twelve panel design. This design used six panels on each side of the portal, with three
stacked on top of the other three covering 2m in height. This design is shown in Figure
8.3. The results for these simulations are shown in Table 8.2. These results show that
Figure 8.3: A vehicle portal conﬁguration using twelve detector panels.
Table8.2: PersonnelportalsensitivitytestwithCs-137andRa-226sourcesatdifferent
heights
Radionuclide Counts @ Midsection (+/- 2%) Counts Near Floor (+/- 2%)
137Cs 47,200 43,000
226Ra 27,000 24,500
24,500 counts were obtained at a minimum, exceeding the 100% isotope identiﬁcation
speciﬁcation deﬁned in the Eu-152 trials by 11%. The vehicle portal design required
8-9a lot of detector panels to meet the speciﬁcations of the ANSI standards N42.38-2006,
requiring many photomultiplier tubes and associated electronics. This design does not
consider shielding factors which are also listed as a requirement in the ANSI standards
N42.38-2006, this is recommended in the future work section of Chapter 9, as a part
of the proper ﬁeld trials that would be required to verify the performance of this portal
design.
8.2.5 Panel Design Conclusions
The personnel portal design consisted of a dual sided portal system encompassing
three panels of PVT scintillator. The sides of the portal were 1m apart and the height
was around 2.5m to cover the full height range. The vehicle portal required twelve
panels, 5m apart, to meet the same identiﬁcation requirements. Each portal had de-
tector panels with dimensions 115cm38cm!29cm4cm with three, high quantum
efﬁciency 5-inch photomultiplier tubes attached to the large end of them. These con-
ﬁgurations were simulated to give the same quality spectra as the 50cm V-Plank with
a sensitivity to produce spectra with over 22,000 counts from the ANSI speciﬁcation
radioactive sources. According to the studies in Chapter 6, these systems should gain
enough counts per spectrum to approach 100% positive identiﬁcation of tested sources
in a laboratory environment, though full ﬁeld trials would be essential for veriﬁcation.
The calibration device suggested was a shielded Na-22 source on a mechanical arm
and shutter which would extend to the mid-section of the portals to calibrate the de-
tectors and normalise the photomultiplier tubes.
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Conclusions and Recommendations
for Future Work
9.1 Project Aim
This thesis presents the development of several optimised plastic scintillator detector
designs for use in radiation portal monitors at international borders and other areas at
a higher risk of nuclear attack. The detector designs presented incorporated optical
design improvements and advanced data processing in the form of spectral deconvo-
lution. This allowed the extraction of spectral information from the Compton continua
created by exposing the detectors to a range of radioactive isotopes. The design im-
provements along with the spectral deconvolution techniques provided the ability for
plastic scintillators to detect and identify common radioactive isotopes in an attempt
to distinguish illicit sources from benign sources, such as those used in the medical
industry and naturally occurring radioactive sources. The ability to distinguish such
sources is of great beneﬁt to customs and borders organisations who are largely hin-
dered by extra, more detailed, cargo inspections prompted by high false alarm rates
associated with current radiation portal monitors.
9.2 Review of Spectrometry with PVT
The main aspect of plastic scintillator gamma-ray spectrometry was constructed from
two parts: the optimisation of plastic scintillator detectors and the application of ad-
9-1vanced spectral processing techniques. Optimisation of plastic scintillator detectors
was investigated using both experimental techniques and Monte Carlo simulations
with Geant4. Optical characteristics were the focal point of the design optimisation,
with reﬁned geometries, reﬂective coatings, optical bonding and applicable photomul-
tiplier tubes all contributing to maximise the light collection efﬁciency of a detector
and minimise its variation in light collection efﬁciency. This research led to the design
and manufacture of three PVT detector prototypes: one small area, 2.3 litre detector
and two larger-area, 9.1 litre detectors.
Spectral processing techniques were ﬁrst investigated, highlighting some of the ex-
isting technologies available. Spectral deconvolution of Compton continua was later
introduced to show how basic spectrometry could prove a viable means for isotopic
identiﬁcation. Spectral deconvolution was applied successfully to the energy loss
spectra of all three detectors, identifying a range of tested isotopes. Consideration
was then given to the practical aspects of incorporating these optimised detectors into
a radiation portal monitor, culminating in recommended designs for a personnel por-
tal and vehicle portal which are predicted to adhere to the ANSI standards for isotope
detection and identiﬁcation.
9.2.1 Optimisation of Plastic Scintillator Detectors
When optimising PVT detector designs a number of factors were identiﬁed which
limit a scintillation detector’s energy resolution. For PVT detectors the two most sig-
niﬁcant factors identiﬁed were the light collection efﬁciency and the spatial variation
in the light collection efﬁciency. The intention was therefore to optimise these factors
to produce a PVT scintillator which would give excellent clarity Compton edges in
the energy loss spectra it produces. The light collection efﬁciency was optimised by a
number of factors.
The geometry played a vital role in both the light collection and variation in the light
collection. Limiting the thickness of the detector resulted in a lowered probability of
multiple Compton scattering events, giving clearer Compton edges in the energy loss
spectra. Around 4cm to 5cm was chosen as the optimal thickness. This relatively
9-2low thickness produced slab or plank shaped detectors, leaving the length and width
of the detector as variables for adjusting the surface area and volume of the detector.
The ratio of the length to the width needed to be limited, as a long thin detector for
example would give decreased light collection efﬁciency and increased variation in
the light collection efﬁciency. A length to width ratio of less than 4:1 was found to
be optimal. The main contributor to the light collection efﬁciency was the number of
photomultiplier tubes attached to the detector, or more speciﬁcally, the area covered
by photo-cathode. A low length to width ratio geometry with a high photo-cathode
coverage area gave the best light collection, but would also increase the costs due to
the number of photomultiplier tubes and associated electronics required. A trade off
must always be made with the cost of equipment and the performance of the detector.
The best conﬁguration of reﬂective materials applied to a detector was found to be a
highly reﬂective specular reﬂector optically bonded to the edges of the detector, whilst
leaving the larger faces unwrapped, or wrapped loosely with crinkled aluminium foil.
Any form of light guide was found to hinder the performance of PVT detectors with
the type of thickness required for gamma-ray spectrometry. Light guides in this con-
ﬁguration simply attenuate the light signal through increased volume of material. Di-
rect coupling of photomultiplier tubes to the detector’s edge was used throughout to
avoid light loss. It was however concluded that a small section of non-scintillating
PVT attached the photomultiplier tube end of the detector can reduce the variation in
the light collection efﬁciency. This was determined by analysing the light collection
of the detector as a function of scintillation pulse location; eliminating scintillation
events close to the photo-cathode reduces the overall variation in the light collection
efﬁciency.
The ﬁnal reﬁnement made was to taper the width of a detector such that the width
is larger at the photo-cathode end and narrower at the opposite end of the detector.
This adjustment ensured that light reﬂecting inside the detector was encouraged to
propagate towards the attached photomultiplier tubes, resulting in increased light col-
lection and reduced variation in the light collection efﬁciencies.
9-39.2.2 New PVT Based Detector Designs
The detector optimisations led to three detector prototypes being designed and manu-
factured. All of these detectors used Photonis 5" photomultiplier tubes for light detec-
tion and Ortec digiBASEs as integrated high voltage supplies, shaping ampliﬁers and
multi channel analysers. Each of the detectors were calibrated by simulating energy
loss spectra of a Na-22 source and matching the simulated spectra to experimentally
measured ones. These simulations incorporated all the resolution broadening factors
of each detector respectively to produce the most accurate result.
The ﬁrst detector design was 50cm in length, 4cm in thickness and tapered from
12.7cm in width at the photomultiplier tube end to 10cm at the opposite end. This
design was the ﬁrst to be manufactured and was named the 50cm V-Plank due to its
V-shaped geometry. Multiple tests and simulations were performed on this detector,
giving a simulated average light collection efﬁciency of 57%, and a simulated varia-
tion in the light collection efﬁciency of 2.8%. The light collection efﬁciencies of these
detector designs could not be accurately measured directly due to the lack of reliable
photo-peaks in the energy loss spectra. However, simulations of the detector incorpo-
rating all of the resolution broadening factors produced artiﬁcial spectra which were
matched to experimental spectra. The estimated light collection came out much lower
than expected at around 35%. This was accounted for by taking into consideration var-
ious factors of photomultiplier tubes which reduced their overall quantum efﬁciency
far below the manufacturer’s stated ﬁgures for the photo-cathode quantum efﬁciency.
Such factors included spatial variation in the photo-cathode efﬁciency and less than
perfect cathode to dynode efﬁciencies. The variation in the light collection was mea-
sured by placing a collimated Cs-137 source at various locations of the detector and
measuring the corresponding change in the location of the 662keV induced Compton
edge in the energy loss spectrum. The variation in the light collection efﬁciency was
found to be less than 2%. A number of spectra were taken with the 50cm V-Plank
from various radioactive sources. Sources such as Cs-137 and Na-22 produced sharp
Compton edges and were easily recognisable by eye. More complex sources such as
Eu-152 and Ra-226 were a convolution of many Compton continua resulting in an
indistinguishable energy loss spectrum. In order to quantify the relative quality of the
9-4spectra produced for each detector design, a measurement similar to the full width at
half maximum was taken at the 662keV induced Compton edge in each of the energy
loss spectra. The equivalent FWHM for the 50cm V-Plank was 32%.
The second detector design was 1m in length and 25.4cm in width at the wide end,
tapering to 20cm at the narrow end. It was also 4cm in thickness. This design was
called the 1m V-Plank and was similar to the 50cm V-Plank except with 4x the area
and volume. The 1m V-Plank had two 5" photomultiplier tubes at the wide end of
the detector and operated in a coincidence mode. The simulated light collection ef-
ﬁciency for this design was 47% with a simulated variation in the light collection of
5.6%. The measured variation in the light collection was around 2%, much lower than
predicted by simulation. The equivalent FWHM at 662keV induced Compton edge of
this design was 33%, slightly poorer than the 50cm V-Plank, which was expected due
to its poorer light collection efﬁciency.
The ﬁnal design was the 2m X-Plank. This design was 2m in length, 4cm in thickness
and a width of 12.7cm at each end, tapering to 10cm in the middle of the detector.
It had two 5" photomultiplier tubes, one at each end, and resembled two V-Planks
joined together end to end. The beneﬁt of this design was to provide a similar volume
and performance detector to the 1m V-Plank but to also investigate the viability of
positional sensitivity as an extra feature. The simulated light collection of this design
was the same as the 1m V-Plank at 47%, with a simulated variation in the light col-
lection efﬁciency of 5.5%. The measured variation in the light collection was found
to be slightly higher than the other designs though at around 3%. Normally such high
length to width ratio designs would give much poorer performance, but the tapered
width gave signiﬁcant performance beneﬁts. The equivalent FWHM at the 662keV
induced Compton edge of this design was 34%, slightly poorer than the other two
designs.
9.2.3 Spectral Deconvolution
The aim of current spectral processing techniques is to classify spectra according to
either the general shape of the overall Compton continuum, or the relative number of
9-5counts in certain areas of the spectrum. Typically energy windowing techniques were
used with high, medium and low energy regions. This approach had some success
as special nuclear materials could be distinguished from naturally occurring radioac-
tive materials, but other sources such as industrial or medical sources could not be
distinguished as their gamma-ray spectra occupy similar regions of the energy loss
spectrum as naturally occurring sources. Spectral deconvolution was used due to its
previous successful implementation in NaI(Tl) based detectors, increasing the energy
resolution of these detectors signiﬁcantly. Spectral deconvolution uses a maximum
likelihood by expectation maximisation algorithm to predict the incident gamma-ray
spectrum from the resulting energy loss spectrum. To do this the detectors were in-
dividually characterised and Monte Carlo simulations were produced modelling the
response of the detector for the entire energy range of interest. Once the incident
gamma-ray spectrum was constructed for a given isotope measurement, it was anal-
ysed with isotope identiﬁcation software. As spectral deconvolution of energy loss
spectra from PVT detectors has not previously been used, a new isotope identiﬁca-
tion library was devised based on transforming libraries from high purity germanium
detectors. A set of rules were used to broaden and remove certain entries from the
libraries until they were appropriate for PVT based spectrometry.
Spectral deconvolution and isotope identiﬁcation were applied to all three of the new
detector designs for a range of available isotopes. The settings for the deconvolution
and isotope identiﬁcation software were optimised for use with spectra from PVT and
successful identiﬁcation took place of all isotopes tested. These included Cs-137, Na-
22, Eu-152, Am-241, Ba-133, Co-57, Co-60, Th-232 and Ra-226. The quality of the
deconvolved spectra was excellent, showing clear, photo-like peaks which were read-
ily identiﬁable by the isotope identiﬁcation software. The full width at half maximum
of the 662keV peaks present in the deconvolved spectra were measured for each of the
detectors. The results were as follows:
 50cm V-Plank: 5%
 1m V-Plank: 6%
 2m X-Plank: 6%
9-6The number of counts in each of the raw spectra was found to heavily inﬂuence the
quality of the resulting deconvolved spectra. This was quantiﬁed by conducting an
experiment with the 50cm V-Plank. The experiment consisted of taking spectra with
a varying number of counts, deconvolving them and measuring the deviation in the
locations of the deconvolved peaks and the identiﬁcation success rate. This was done
for a Na-22 spectra and for Eu-152 spectra to represent both simple spectra with only
a few, well-spaced gamma-rays and complex spectra with multiple gamma-rays which
appear convolved in the raw energy loss spectrum. The results showed that successful
identiﬁcation was, as predicted, heavily dependent on the number of counts per spec-
trum. This was the case for two reasons, the quality of the peak in the spectra, and
the variation in their location. The standard deviation in the location of the peaks was
related to the number of counts per spectrum, resulting in ﬁgure being produced for
the minimum number of counts required per spectrum to obtain a positive identiﬁca-
tion. The minimum number of counts per spectrum was therefore established for both
simple and complex spectra in order to approach 100% correct identiﬁcation of all 25
spectra tested per isotope. The results were as follows:
 Simple spectra (Na-22): 8,000 counts per spectrum
 Complex spectra (Eu-152): 22,000 counts per spectrum
These ﬁgures are correct for 25 trials in a laboratory environment. More rigorous test-
ing in an industrial environment would be required to give a more accurate ﬁgure for
subsequent use in radiation portal monitors.
Neutron detection using PVT based detectors was investigated by researching pub-
lished techniques and by taking direct measurements of neutrons from a Cf-252 neu-
tron source. When measuring neutrons with PVT the resulting energy loss spectra
were poor, with no spectral information present. This meant that although a standard
PVT detector can detect neutrons, distinguishing them from gamma-rays or obtaining
any sort of energy information was not possible. The only viable method found in the
available literature was to use time of ﬂight techniques with multiple PVT detectors.
This method can successfully distinguish neutrons from gamma-rays as neutrons are
much slower in speed. Spectral information obtained using this information was lim-
ited however and implementing the required equipment would take twice the number
9-7of PVT detectors and associated electronics in one portal. It was therefore concluded
that a standalone helium 3 counter might be of more practical beneﬁt for detecting
neutrons.
9.2.4 Practical Requirements and a Possible Future Portal Design
Anumberofconsiderationsandproblemswereresolvedwheninvestigatingtheimple-
mentation of the new PVT designs into a radiation portal monitor. The ﬁrst problem
encountered was non-linearity of the detector system. The cause for this was found
to be the type of photomultiplier tube being used. Adit 5" tubes were initially used,
which were based on a box and grid dynode design. They were only suitable for
counting purposes and gave poor energy linearity when the applied voltage varied.
Photonis 5" tubes were used to replace these and performed very well with excellent
linearity, these tubes used a linear dynode design. The second issue was the dynamic
range of the multi channel analyser and the energy resolution of the q-ﬁles used in the
Monte Carlo simulations. The range used consisted of 512 channels, each separated
into 6keV bins. This presented a problem at lower energies as some of the features
were becoming indistinguishable when accommodating the 2.6MeV gamma-ray of
Th-232 into the energy scale. To solve this problem, a larger number of q-ﬁles would
be required, decreasing the bin width and allowing an increase in the gain of the sys-
tem whilst also allowing for the 2.6MeV gamma-ray.
Environmental factors such as temperature, magnetic ﬁelds and surrounding materials
could all affect the detector performance. Experiments with temperature dependence
showed that the location of a 662keV induced Compton edge varied by around 2%
with temperature changes from -20C to +40C. Magnetic shielding must be used to
cover photomultiplier tubes or external magnetic ﬁelds can distort the electron ﬂow
and corrupt the resulting spectral data. Materials in close proximity to the detector of
a similar density affected spectra by adding low energy, back scattered gamma-rays
to the Compton continua and also broadened some high energy Compton edges due
to multiple coincident scattering events. This can be avoided by simply moving the
detector far enough away from such surfaces as to not have any signiﬁcant effect.
9-8Positional resolution of the 2m X-Plank was investigated as an extra feature to the
PVT detector series. This feature would allow personnel portal operators to quickly
identify where a smuggled source might be hidden. Optimal positional resolution of
+/- 11cm FWHM was achieved using the ratio of the two photomultiplier tube signals
to calculate the position of a collimated Cs-137 along the detector. This resolution was
however dependent on the collimator and therefore in industrial applications a large
collimator would need to be applied to the detector, which may subsequently degrade
energy resolution and detector efﬁciency.
Outlines for future portals were given in the ﬁnal Chapter. Personnel portals are not
subject to many of the problems that arise with vehicle portal monitors and therefore
the results obtained for this design are more likely to correspond to real world trials.
Personnel portals are used by airport security and security at large events, such as the
Olympics, to detect the same threats that radiation portal monitors do at international
borders. Both portal designs incorporated all of the previously stated detector optimi-
sations along with some newer technology that has since become available. Recent
photomultiplier tube research has led to an increase in photo-cathode quantum efﬁ-
ciency available. Hamamatsu now provides 5" photomultiplier tubes with an average
photo-cathode quantum efﬁciency of 34%. This means that detectors can be made
larger whilst retaining the same quality spectra. A portal design consisting of three
large area PVT detectors with a total volume of 46.2 litres was produced for a person-
nel portal, whilst twelve such detectors where required for the vehicle portal, totalling
184.8 litres. Simulations of each system gave the number of counts per spectrum of a
person or vehicle carrying an 8Ci Ra-226 source through the portal. A minimum of
28,000 counts were measured for the personnel portal, whilst 24,500 were measured
for the vehicle portal. These were above the minimum number of 22,000 counts re-
quired for complex sources to identify accurately during laboratory tests on detectors
of the same quality. Simple sources such as a 16Ci Cs-137 were also simulated, far
exceeding the minimum number of counts for accurate identiﬁcation. A minimum of
51,000 counts were measured for the personnel portal and 47,000 counts for the ve-
hicle portal. A fully working prototype would need constructing in each scenario and
testing in an industrial environment to fully evaluate the portals’ performance.
9-99.3 Recommendations for Future Work
There are a number of sections recommended for future work on PVT based spec-
trometry. The following is a selection of possible work to provide a more complete
evaluation of an industrial portal system based on PVT spectroscopy with spectral de-
convolution.
Due to the nature of this work a large number of materials have been unavailable for
testing. Special nuclear materials are the main example of this, with access severely
restrictedtothoseinsecurityclearedestablishments. Teststocataloguespecialnuclear
materials of interest are key to using this system to identify them and therefore studies
must be completed with such sources available. A full catalogue of the most common
NORM sources is also required to identify them. Though the presence of NORM can
be inferred using the process of elimination, positively identifying NORM is of great
importance. An updated version of the PVT identiﬁcation library could be created
with both special nuclear materials and common NORM sources included. Such test
and trials are readily accessible to many establishments already conducting their own
research into plastic scintillators. In early 2009 plans were established by Symetrica
to test a 1m V-Plank PVT based prototype at PNNL, but unfortunately the detector
was damaged beyond use from improper handling during shipment.
Industrial trials can also provide data to determine a number of ﬁgures which were
not included in this study such as the determination of a minimum gross count rate
that triggers the detector’s alarm. Determining the minimum count rate to produce
and alarm is not an arbitrary process in vehicle portal monitors as vehicle shadowing
largely affects the background count rate. As large containers are driven through a
portal system the vehicle itself blocks some of the background radiation, lowering the
count rate baseline. The minimum gross count rate must take this into consideration
to avoid false alarms. Gaps between vehicle trailers can then momentarily increase
the count rate causing further confusion to the system. These factors must be fully
investigated and accounted for before a full portal system can be implemented. An ac-
curate reliability index must also be established for these detector designs, such as the
false alarm rate for a portal monitor based on detector designs presented here. These
9-10ﬁgures can only be accurately established with proper ﬁeld trials.
Vehicle portal monitors are largely susceptible to shielding from the containers that
any radioactive material might be encased in. The steel casing of a shipping container
may be just the minimum shielding involved, other lead casing could be used if mate-
rials were being intentionally smuggled. At present there is no detector system which
can completely negate the affects of large amounts of shielding, however, the system
should be able to distinguish lightly shielded sources. Most types of shielding will
not only attenuate radiation but also cause Compton scattering of gamma-rays, which
could result in poor quality energy loss spectra with respect to spectrometry. The PVT
isotope library must be updated to include sources with various degrees of shielding.
Neutron detection can play an important role in this scenario as lead and other dense
materials have little effect on the neutron ﬂux from a source, though even this can be
suppressed with the use of appropriate materials.
Further work into multi channel analysers which accept many signals would also be
beneﬁcial. Currently the use of Ortec digiBASEs for each photomultiplier tube is
an expensive option and the LIST mode used for producing spectra from coincident
counts on larger detectors is complex and limited in its functionality for more than
a few digiBASEs. At least 1024 channels in the multi channel analyser would al-
low better separation of low energy content in the energy loss spectrum, reducing the
volatility of the system at these energies.
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